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Concrete is the most used material in the world, second only to water. Conventional concrete is produced 
with Portland cement (PC). The production of cement is an energy intensive operation that has raised 
significant environmental concerns, since one ton of cement generates an equal ton of CO2. In the USA 
about 90 million tons of cement are used annually, with 3 million tons used in New York. Most 
contemporary concrete applications for buildings and infrastructure use high-performance concrete 
(HPC) mixtures which are produced by replacing a percentage of cement with supplementary 
cementitious materials (SCMs), consisting mainly of fly-ash (FA) and ground granulated blast furnace 
slag (GGBS or Slag). The addition of SCMs is necessary to achieve high strength, increased durability, 
and lower permeability of deleterious substances such as salt solutions. The added benefit of SCMs is 
the production of “Green Concrete” by reducing CO2 footprint. 
The two most used SCMs are fly-ash and slag. The proper availability and cost of these materials are 
paramount for the concrete industry, and recently, there has been an inconsistent supply of FA, which is 
a residue from the combustion of coal burning plants. In the USA coal-powered plants are shutting down 
or converting to cheaper and cleaner natural gas, due to environmental regulations. The scarcity of FA is 
compounded by price and supply instability of imported slag, which is a byproduct from steel mills 
mainly outside the USA. Thus, in response to the urgent need for an effective and economical SCM to 
support the concrete construction, this work has been focused on the evaluation of a new glass pozzolan 
(GP) from recycled post-consumer glass. 
The GP branded as Pozzotive® has been developed by Urban Mining Northeast as a proven product used 
in concrete-block, cast-in-place and pre-stressed concretes. Pozzotive® conforms to ASTM C-618 
specifications for pozzolans and is produced from recycled mixed-color glass, which currently has no 
value-added real market application except as filler material. In the USA about 12 million annual tons of 
glass are discarded (~30% recycled). In NYC about 200,000 tons per year (~50% recycled) is available 
and represents an exceptional sustainable resource for large-scale production of GP. 
With the goal of contributing significantly to the implementation of sustainable concrete, this research 
focuses on the development of mixture designs for different applications, characterization of concrete 
mixtures and evaluations of fresh and hardened properties with different percentages of cement 
replacement by GP (between 20% and 40%). Concretes with GP were tested at macro- and micro-
structure levels. Evaluation of fresh properties, such as setting time, workability and pump-ability, is 
essential for concrete plants and construction planning, and it showed that GP is similar to slag due to 
the fineness of the particles and their angular shape. In relation to slag, which is cementitious in nature, 
the mechanical properties (strength and stiffness) of pozzolanic GP showed lower values at early age due 
to delayed reactivity; however, between 28 and 56 days all concretes with GP achieved the same or 
slightly higher values than their references with slag, fly-ash, and cement. Durability properties were 
evaluated and concretes with GP showed very low permeability and high freeze-thaw resistance, 
demonstrating undoubtedly better performance than the reference concretes. Chemical and physical 
properties characterizations were performed on cementitious materials (FA, Slag, GP, and cement), 
cementitious pastes, and concretes mixes with GP and FA, slag, and cement. The results showed that GP 
acts both as a filler and as a pozzolanic material. Substituting higher cement percentages with GP 
increases the porosity, however it results in more refined pore structure of cementitious matrix. Adding 
more GP results in smaller spacing factor and higher surface area of air voids, which improves resistance 
to freeze-thaw and thus increases durability. 
This research was applied in field projects for sidewalks and high-rise buildings. It is significant that this 
work also contributed to correlate changes in microstructure to achieve target performance and durability 
characteristics for the development of recently approved ASTM C-1866 Standard Specification for 
Ground Glass Pozzolan for Use in Concrete (2020), which will allow wide acceptance and applications 
of GP and provide benefits to both the Concrete and Solid Waste industries. 
In the East coast of the USA there is an estimated one to two million tons of mixed-color glass, which 
does not need to be separated by color to be used for producing glass pozzolan. This material as well as 
other large quantities in urban communities in the country can be efficiently transformed into value-
added GP, which is an inert and environmentally friendly product that can contribute to CO2 reduction 
worldwide. 
The outcomes of this research, supported by field application projects, and the publishing of the research 
and field results, have facilitated the development of ASTM guidelines for using GP. For the approval 
of the ASTM C-1866 Standard Specifications, it was necessary to demonstrate that this material is as 
good as or better than other SCMs, not just in the laboratory but also when applied in actual projects. 
The future goal is to also contribute to the development of standard guidelines for NYC-DDC and -DOT 
who anticipate being able to prescribe percentages of glass pozzolan in construction projects in New 
York. Once it is shown that this product works successfully in the New York area, we believe that this 
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INTRODUCTION, RESEARCH BACKGROUND, 
















This chapter illustrates the background and the motivation of the research. The frame work of micro-
scale and macro-scale, and field application is briefly summarized. Furthermore, the aim and objectives, 
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1.1. Research background  
 
Cement based concrete is the most used material in the world, second to water, due to its versatility, 
durability, sustainability and favorable cost [1].  More than 5 billion cubic yards of concrete per year is 
produced globally (2 tons per person on the planet), requiring significant natural resources for producing 
cement and aggregates [2]. In the past, safety and durability were one of the most important criteria for 
design and use of structures. Today, however, the sustainability requirements present the biggest 
challenge for the concrete construction industry [3], [4]. More explicitly, there are several factors that 
should be considered and improved in the current concrete production. Most significant are high energy 
consumption and CO2 emission due to CaCO3 calcination and clinker production (about half of the CO2 
emissions originate from the CaCO3 calcination, while remaining carbon is from the energy used during 
this process) [5], [6]. Conventional concrete is produced with Portland cement (PC). The production of 
cement, as the binding material in concrete, is energy intensive and has raised environmental concerns 
since one ton of cement produces one ton of CO2 (5-8 % contribution to total global CO2 emissions) 
[6],[7] [8], [9]. 
In the USA, about 90 million tons of cement are used annually, with 3 million tons used in New York 
(CO2 emissions equivalent to 300 million cars) [8]. To overcome environmental impacts and produce 
high-performance concretes (HPC), there is a high interest in using recycled materials. Most 
contemporary concrete applications for buildings and infrastructure use high-performance concrete 
(HPC) mixtures, which are produced by replacing a percentage of cement with Supplementary 
Cementitious Materials (SCMs) consisting mainly of fly-ash class F or C, slag, silica fume  (SF) and lime 
stone fines [10], [11]. The two most commonly used SCMs are fly-ash (FA) and Slag (S). The addition 
of SCMs to concrete is necessary to achieve high strength, increased durability, and reduced permeability 
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of deleterious substances such as salt solutions. The added benefit of SCMs is production of “Sustainable 
Concrete” by reducing CO2.  
The proper availability and cost of SCMs materials are paramount for the concrete industry. FA is a 
residue from the combustion of coal burning plants and has been the most commonly used pozzolan for 
concrete, but recently its availability in the USA has decreased significantly [12]. About 40% of coal 
burning power plants have shut  down and many are converting to cheaper and cleaner natural gas [13], 
[14]. Compounding this problem, ground granulated blast-furnace slag (GGBS or S), a residue from the 
production of steel, is relatively expensive and generally produced outside the USA (Canada 31%, Japan 
33%, Spain 16%, Germany 5% and other 15%) [15]. Thus, there is a need for an alternate SCM to 
overcome the scarcity of FA particularly in the Northeastern region of the USA, and post-consumer glass 
can be effectively and economically transformed into value-added pozzolanic material for concrete. In 
New York, 3 million tons of cement are used annually for concrete [8], and at a typical 30% SCM cement 
replacement, this potentially represents one million tons per year of glass pozzolan (one million tons CO2 
reduction) utilizing 6 billion post-consumer beer bottles and creating a $1USD billion market. 
Non-recyclable waste glass represents an issue for solid waste disposal in many municipalities. The 
current practice is still to landfill most of the non-recyclable glass. Since the glass is not biodegradable, 
landfills do not provide an environmentally-friendly solution. Customary, most non-recyclable mixed-
color broken glass comes from discarded bottles, containers, and plates. Consequently, there is a strong 
need to utilize waste glass. The glass recycling industry faces significant challenge and economic 
hardship processing glass, particularly mixed color glass which has no real market and is generally used 
as low-cost granulated filler or drainage material. Glass is heavy (about 20% of total solid waste), harsh 
on processing equipment, and costly to recycle. In the USA, about 11.5 million tons of post-consumer 
glass is generated annually (see Figure 1.1), with only about 26.4% being recycled. In NY City, about 




Figure 1.1. Total MSW generation of materials (250 million tons before recycling) 2010  [16] 
 
Worldwide, glass represents 6% of about 2 billion tons per year of solid waste[17]. And although the 
recycling of glass in the USA has increased more than 4 times in the last 20 years, most of the glass is 
landfilled exacerbating the management and disposal of solid waste. At the same time, the scarcity and 
cost of SCMs in the USA is of concern to the concrete industry. Mixed-color waste glass from the bottle 
and jar industry is an inert material that when milled to micro-level particles does not change its chemical 
composition and provides favorable pozzolanic reactivity [18], [19]. Thus, these two concerns, the lack 
of market for recycled glass and dwindling supply of FA, present a unique and transformative opportunity 
for benefiting both the glass recycling and the concrete production industries through the development 
and implementation of GP for concrete. 
Over the last few decades, several efforts have been directed to incorporate waste glass into concrete 
mixes. An overview of the literature of the last 15-20 years showed that early applications of glass were 
in the form of granular material. Glass was crushed and used as recycled coarse and fine aggregates in 
concrete for non-structural applications, as well as for other construction materials such as paving blocks 
7 
 
and architectural tiles. Most studies reported that the replacement of natural aggregates with crushed 
waste glass of up to 20% increased the compressive strength, and 10% was suggested as most effective 
[20]–[27]. However, there were concerns with the potential negative effect of glass on alkali-silica 
reaction (ASR), due to high silica content in course glass particles. Recent studies [28]–[31] that 
investigated mechanical, physical and chemical properties of concrete with different particle sizes of 
glass, showed that  glass, when milled to micron-level particle size and used as cement replacement, can 
not only increase compressive strength but also slightly reduce ASR despite the high alkali content of 
glass [19], [32]. It was also reported that recycled glass fiber-reinforced polymers (GFRP) when used as 
a partial coarse aggregate replacement up to 10 %, reduce compressive and tensile strength, but when 
used as needles, can substantially increase tensile strength. [33]–[35]. There is limited research on 
applications of GP in construction projects, and the three most recent relevant studies include: non-
structural concrete for sidewalk and driveway applications at Michigan State University Campus in 2011 
[17],  and for structural concrete elements used in slabs in Australia in 2006 [36] and in slabs and walls 
in Canada in 2016 [37]. There is no comprehensive study that explains a correlation of freeze-thaw 
resistance of concretes with GP with air-void system analysis, except for [37]. Therefore, this study aims 
to investigate a correlation between freeze-thaw resistance, pore structure, and air void parameters of 
concretes with different cement replacements with GP [38]. Micro-mechanical properties and hydration 
products were studied as well. There is no extensive research that evaluates GP at all levels 
simultaneously, including microstructure, macrostructure and in a field applications. Therefore, this 
research provides information at all three levels with correlations for all these phases.  
 




The main of this research is to investigate the effectiveness of GP as a partial cement replacement in 
concrete of up to 40 %, and develop guidelines for a proper use of the material for implementation of 
sustainable concrete in various applications. Besides Macrostructure characterizations, Microstructure 
evaluations are necessary in order to explain the mechanical and durability properties, (for instance, the 
air-void parameters and pore structure are very important factors for explaining freeze-thaw resistance 
and transport properties). The specific objectives of this research are as follows: 
• Development of suitable mixtures for different field applications with comparable properties as 
those with fly ash and slag. 
• Evaluation of fresh properties of concretes with GP for implementations in construction 
(workability, setting time, pump-ability). 
• Evaluation of hardened (mechanical and durability) properties of concretes. 
• Characterization of microstructure properties of raw materials, cement pastes and concretes 
(including chemical composition and physical properties). 
• Investigation of pore structure (pore size distribution, pore connectivity, and porosity) and air-
void parameters and correlation with freeze-thaw resistance and chloride permeability. 
• Investigation of the influence of GP on cement hydration and micro mechanical properties in 
binary systems, and correlation of those properties with mechanical and durability properties of 
concrete. 
• Recommend optimal cement replacement levels with GP for desired performance characteristics 
based on application. 
• Contribution to development of ASTM C1866/C1866M Standard Specification for Ground-
Glass Pozzolan for Use in Concrete. 
• Contribution to the standard specifications guidelines to be developed by the Department of 
Design and Construction (DDC-NYC). 
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1.3. Research scope 
 
In this research, besides ordinary Portland cement used as a binder, there were three SCMs (byproducts) 
used as a cement replacement of up to 40 %: Glass pozzolan (GP), Fly ash (FA) and Slag (S). The mixture 
designs were targeted to sidewalk construction following the specifications from the NYC DDC. Based 
on literature review and experience, six mixture designs were selected: one with a 100% Portland cement 
as a control (CM); three with percent replacements of cement by 20, 30 and 40% of GP; and for 
correlation purposes with GP (G-30, and G-40), one mixture with 30% cement replacement with FA 
(FA-30), corresponding to ASTM C618 standard specifications [39], and one with 40 % replacement 
with S (S-40), corresponding to ASTM C989 standard specifications  [40]. The last two mixture designs 
are included because concretes with FA and S are the most commonly used; hence, concretes with GP 
can be directly compared with them. This research was organized into three interdependent phases:  
 Phase 1- Macrostructure evaluation: This is the most important phase that serves as the milestone for 
the rest of the research. Phase 2- Microstructure evaluation: Microstructure studies are important to more 
precisely characterize the macroscale behavior of the concrete mixtures in phase 1. Phase 3 - field 
application and development of ASTM standard specifications: This task is concerned with 
implementation of research results in field projects, to demonstrate not only performance targets 
(strength, stiffness and durability), but also large-scale field concerns of practical importance, such as 
pump-ability, workability, finishing, setting, and overall curing and appearance. Similarly for product 
acceptance by the concrete industry, the development of specific ASTM standards for glass-in-concrete 
are important. This research has contributed to a working group on the approval of specific guidance 
under ASTM C-1866, and the results of the research provided important data to validate and reinforce 




1.4. Methodology of the research 
 
Concretes were tested for fresh properties (slump, air content, setting time, pump-ability), and hardened 
properties (mechanical and durability) in accordance with ASTM standard specifications at 7, 28, 56 and 
90 days. On a macro level, concretes were tested for mechanical properties (strengths and stiffness) and 
durability including freeze-thaw resistance and rapid chloride permeability (RCP). On a micro level, the 
same concretes were examined under scanning electron microscope in back scattered electron mode  and 
electron dispersive spectroscopy mode (SEM/BSE/EDX) in order to determine elemental ratios. The X-
ray micro tomography (CT scan) was used for quantification of micro cracks and for 3D air-void analysis. 
Cementitious pastes were tested for hydration properties (hydration kinetics and hydration products) and 
pore structure (pore size distribution, pore connectivity, porosity). Hydration kinetics was studied on 
fresh cementitious pastes using Isothermal conductive calorimetry. Cement pastes were tested at 7, 30, 
53 and 100 days. SEM/BSE was used in order to quantify hydration products. For quantification of 
Ca(OH)2, thermogravimetric analysis was performed, and X-ray diffraction (XRD) for identification of 
phases. Pore structure properties were determined with Mercury intrusion porosimetry (MIP) method. 
Micro mechanical properties (average modulus and hardness of the matrix) were obtained with Nano- 
indentation method. Concrete from the field projects was tested for fresh properties in-situ, and for 
hardened properties was tested at the CCNY labs. Maturity sensors were embedded in order to record 
the maturity index and predict the compressive strength up to 90 days, without the need of taking core 





1.5. Research significance 
 
With the goal of contributing significantly to the implementation of sustainable concrete, this research 
focuses on the development of mixture designs and characterization of concrete and its properties with 
different percentages of cement replacement by a new SCM from recycled post-consumer glass. Concrete 
with GP was tested at macrostructure and microstructure levels. This research was also applied in 
sidewalk and high-rise building field projects. This work also contributed to correlate change in 
microstructure to achieve target performance and durability characteristics for the development of ASTM 
C-1866 Standard Specification for Ground-Glass Pozzolan for Use in Concrete, and the results of the 
research provided important data to support these guidelines, which will help both the concrete solid 
waste management industries. 
As stated above, there are only a few field demonstration projects for this material, and the applications 
were mostly limited to sites accessible or controlled by the research team, such as university campus 
facilities, and did not necessarily include materials (e.g., glass pozzolan) and processes as in commercial 
or public construction practices. The present work provided examples of GP application for  public works 
and commercial applications (sidewalk project in Queens, NY, following specifications by the NYC 
DDC, and 23 story residential building in Queen, NY), and involving commercial entities for materials, 







1.6. Outline of the thesis 
 
This thesis is divided in five parts (ten chapters), and the structure of the thesis is shown in Figure 1.2. 
PART I presents the research background and existing results with respect to mechanical and durability 
properties. This serves as the basis for the subsequent outline of the thesis. In PART II, the 
characterization of raw materials, and development of the binary mixtures and experimental methodology 
are given as a basis for further study. PART III provides fresh and mechanical and durability properties 
of concrete with GP. PART IV is devoted to the microstructure evaluations. PART V presents the field 
applications of concrete with GP and concluding remarks. The content of each chapter is summarized as 
follows:  
Chapter 1. This chapter, as illustrated above, describes the background and the motivation of the 
research. The framework of micro-scale, macro-scale, and field application are briefly summarized. 
Furthermore, the aim and objectives, scope of the research, methodology and outline of the thesis are 
given. 
Chapter 2. This chapter summarizes all previous research related to concrete formulations using 
recycled glass as aggregate and/or supplementary cementitious material. It points out the advantages and 
disadvantages of using glass, and gives an explanation for the motivation of this research. 
Chapter 3. This chapter describes all cementitious materials, aggregates, and chemical admixtures used 
in this research. The characterizations of physical properties and chemical composition of cementitious 
materials with focus on GP are summarized. Furthermore, the mixture designs and experimental 
methodology are described. 
Chapter 4. This chapter gives explanation of importance of fresh concrete properties such as slump, air- 
content and setting time. The results are summarized and discussed. 
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Chapter 5. This chapter explains mechanical properties of hardened concrete such as strengths and 
modulus of elasticity. The results are summarized and discussed. 
Chapter 6. This chapter describes durability properties of hardened concrete such as freeze-thaw 
resistance, rapid chloride permeability and free shrinkage. The results are summarized and discussed. 
Chapter 7.  This chapter provides explanation of importance of pore structure of the matrix comparing 
results through different methods. It shows the air-void parameters and the correlation with durability 
properties. 
Chapter 8. In this chapter reaction kinetics of blended cement pastes are studied by using isothermal 
calorimetry for up to 3 days. It explains hydration products determined from SEM, TGA and XRD. And, 
it discusses Nano-Indentation method to obtain micro-mechanical properties. 
Chapter 9. This chapter is entirely dedicated to field applications of structural concrete for sidewalks 
and for a high-rise building in New York City. The results are summarized and discussed, and useful 
remarks are given for improvements in future construction projects. 
Chapter 10. This chapter illustrates the summary of the entire research. The concluding remarks are 
divided into macrostructure, microstructure, and field application. The contributions of this research are 
highlighted and a further research needs are suggested. 































Figure 1.2. Thesis outline 
 
PART I 
1. General introduction 
2. Literature review 
PART II 3. Characterization of materials, development of 
mixture designs of concretes with GP, and methods 
PART III 
4. Fresh properties of concrete 
5. Mechanical properties 
6. Durability properties 
PART IV 
7. Pore structure characterization and air-
void analysis 
8. Hydration properties of cement pastes 
PART V 
9. Field applications 






[1] S. H. Kosmatka and M. L. Wilson, Design and Control of Concrete Mixtures, 15th ed. Skokie: 
Portlan Cement Association, 2014. 
[2] The Environmental Literacy Council, “https://enviroliteracy.org/environment-society/materials-
use/cement/,” 2015. . 
[3] M. B. Ali, R. Saidur, and M. S. Hossain, “A review on emission analysis in cement industries,” 
Renewable and Sustainable Energy Reviews, vol. 15, no. 5. pp. 2252–2261, 2011. 
[4] A. A. A. Azis, A. H. Memon, I. A. Rahman, S. Nagapan, and Q. B. A. I. Latif, “Challenges faced 
by construction industry in accomplishing sustainablity goals,” ISBEIA 2012 - IEEE Symp. 
Business, Eng. Ind. Appl., pp. 630–634, 2012. 
[5] M. Nedeljković, Z. Li, and G. Ye, “Setting, strength, and autogenous shrinkage of alkali-activated 
fly ash and slag pastes: Effect of slag content,” Materials (Basel)., vol. 11, no. 11, 2018. 
[6] D. N. Huntzinger and T. D. Eatmon, “A life-cycle assessment of Portland cement manufacturing: 
comparing the traditional process with alternative technologies,” Journal of Cleaner Production, 
vol. 17, no. 7. pp. 668–675, 2009. 
[7] International Energy Agency, “Co 2 emissions from fuel combustion,” Outlook, pp. 1–92, 2011. 
[8] U.S. Geological Survey, “Cement Statistics and Information,” 2018. [Online]. Available: 
http://minerals.usgs.gov/minerals/pubs/commodity/cement/. 
[9] M. Kamali and A. Ghahremaninezhad, “Effect of glass powders on the mechanical and durability 
properties of cementitious materials,” Constr. Build. Mater., vol. 98, pp. 407–416, 2015. 
16 
 
[10] K. H. Yang, Y. B. Jung, M. S. Cho, and S. H. Tae, “Effect of Supplementary Cementitious 
Materials on Reduction of CO2 Emissions From Concrete,” Handbook of Low Carbon Concrete. 
pp. 89–110, 2017. 
[11] V. Srivastava, A. Imam, P. K. Mehta, M. K. Tripathi, and F. Ash, “Supplementary Cementitious 
Materials in Construction - An Attempt to Reduce CO 2 Emission,” vol. 7, no. 2, pp. 31–35, 2018. 
[12] V. Sheikh, “Limited Availability of Cementitious Materials Could Impact the Value Chain,” Appl. 
Sci. Sustain. Coal Ash, no. 1, pp. 34–36, 2018. 
[13] E. Roston and B. Migliozzi, “Obama’s EPA Rule Is Redrawing the U.S. Coal Map,” Bloomberg 
New Energy Finance - US coal retirements database, 2015. [Online]. Available: 
http://www.bloomberg.com/graphics/2015-coal-plants/. 
[14] T. Hodge, “Power generation from coal and natural gas expected to temporarily converge this 
spring,” U.S. Energy Information Administration, 2015. [Online]. Available: 
http://www.eia.gov/todayinenergy/detail.cfm?id=21232. 
[15] U.S. Geological Survey, “Mineral Commodity Summaries,” 2017. 
[16] United States EPA, “Advancing Sustainable Materials Management,” 2016. 
[17] R. Nassar and P. Soroushian, “Field Investigation of Concrete,” J. Solid Waste Technol. Mngmnt, 
vol. 37, no. 4, pp. 307–319, 2011. 
[18] A. Shayan, “Value-added utilization of waste glass in concrete,” in IABSE Symposium, Melbourne, 
2002, pp. 1–11. 
[19] R. U. D. Nassar and P. Soroushian, “Strength and durability of recycled aggregate concrete 




[20] V. Srivastava, S. P. Gautam, V. C. Agarwal, and P. K. Mehta, “Glass Wastes as Coarse Aggregate 
in Concrete,” J. Environ. Nanotechnol., vol. 3, no. 1, pp. 67–71, 2014. 
[21] Z. Z. Ismail and E. A. AL-Hashmi, “Recycling of waste glass as a partial replacement for fine 
aggregate in concrete,” Waste Manag., vol. 29, no. 2, pp. 655–659, 2009. 
[22] S. B. Park, B. C. Lee, and J. H. Kim, “Studies on mechanical properties of concrete containing 
waste glass aggregate,” Cem. Concr. Res., vol. 34, no. 12, pp. 2181–2189, 2004. 
[23] P. Turgut and E. S. Yahlizade, “Research into concrete blocks with waste glass,” Int. J. Civ. 
Environ. Eng., vol. 1, no. 4, pp. 203–209, 2009. 
[24] T. C. Ling, C. S. Poon, and H. W. Wong, “Management and recycling of waste glass in concrete 
products: Current situations in Hong Kong,” Resour. Conserv. Recycl., vol. 70, pp. 25–31, 2013. 
[25] D. B. Eme and E. O. Ekwulo, “Effect Of Crushed Glass As Coarse Aggregate For Concrete 
Pavement,” Am. J. Eng. Res. ( AJER ), vol. 7, no. 1, pp. 336–345, 2018. 
[26] I. B. Topçu and M. Canbaz, “Properties of concrete containing waste glass,” Cem. Concr. Res., 
vol. 34, no. 2, pp. 267–274, 2004. 
[27] C. M. Sangha, A. M. Alani, and P. J. Walden, “Relative strength of green glass cullet concrete,” 
Mag. Concr. Res., vol. 56, no. 5, pp. 293–297, 2004. 
[28] R. K. Dhir, T. D. Dyer, and M. C. Tang, “Alkali-silica reaction in concrete containing glass,” 
Mater. Struct. Constr., vol. 42, no. 10, pp. 1451–1462, 2009. 
[29] A. Shayan and A. Xu, “Value-added utilisation of waste glass in concrete,” Cem. Concr. Res., vol. 
34, no. 1, pp. 81–89, 2004. 
[30] C. Shi, Y. Wu, C. Riefler, and H. Wang, “Characteristics and pozzolanic reactivity of glass 
18 
 
powders,” Cem. Concr. Res., vol. 35, no. 5, pp. 987–993, 2005. 
[31] N. Almesfer and J. Ingham, “Effect of waste glass on the properties of concrete,” J. Mater. Civ. 
Eng., vol. 26, no. 11, p. 6014022, 2014. 
[32] A. M. Matos and J. Sousa-Coutinho, “Durability of mortar using waste glass powder as cement 
replacement,” Constr. Build. Mater., vol. 36, pp. 205–215, 2012. 
[33] A. Yazdanbakhsh, L. C. Bank, and Y. Tian, “Mechanical processing of GFRP waste into large-
sized pieces for use in concrete,” Recycling, vol. 3, no. 1, 2018. 
[34] A. Yazdanbakhsh and Y. Tian, “Shear performance of reinforced concrete beams incorporating 
stiff slender elements,” Construction and Building Materials, vol. 222. pp. 263–277, 2019. 
[35] Y. Tian, “Slender FRP Elements as Descrete Reinforcement for Concrete,”  Ph.D. Dissertation, 
The City College of New York, City University of New York, 2020. 
[36] A. Shayan and A. Xu, “Performance of glass powder as a pozzolanic material in concrete: A field 
trial on concrete slabs,” Cem. Concr. Res., vol. 36, no. 3, pp. 457–468, 2006. 
[37] A. Omran and A. Tagnit-hamou, “Performance of glass-powder concrete in field applications,” 
Constr. Build. Mater., vol. 109, pp. 84–95, 2016. 
[38] M. Krstic, J. F. Davalos, E. Rossi, O. Copuroglu,  “Freeze-Thaw Resistance and Air-Void Analysis 
of Concrete with Recycled Glass – Pozzolan Using X-Ray Micro Tomography,” pp. 1–34, 2020. 
[39] ASTM Standards, “Standard specification for coal fly ash and raw or calcined natural pozzolan 
for use in concrete ASTM C 618,” pp. 1–5, 2012. 
[40] ASTM, “Standard Specification for Slag Cement for Use in Concrete and Mortars,” ASTM Stand., 
vol. 44, no. 0, pp. 1–8, 2013. 
19 
 
[41]   A. Kaminsky, M. Krstic, P. Rangaraju, A. Tagnit-Hamou, and M. Thomas,  “Ground-Glass 
Pozzolan for Use in Concrete, Members of ASTM Subcommittee C09.24 summarize industry 
context behind new ASTM standard specification,” Concr. Int., 2020. 
[42] M. Krstic, J. F. Davalos, “Sidewalk Construction Glass in Concrete - Project with DDCNYC 
Queens,” New York City, 2016. 
[43] M. Krstic, J. F. Davalos, “Halletts Point 1 High-Rise Building Implementation of Concrete with 
Glass-SCM for Compressive Strengths of 8 , 000 psi and 10 , 000 psi Table of Content,” New 
York City, 2018. 
[44] M. Krstic and J. F. Davalos, “Application of Post-Consumer Glass-SCM in Concrete for High-
Rise Building Construction,” in Proceedings of the International Conference on Sustainable 





















This chapter summarizes all previous research related to concrete with using recycled glass in concrete. 
Recycled materials can be used in cementitious systems in one of the three following ways: as filler 
materials, as coarse aggregates, or as supplementary cementitious materials (SCMs). The focus here is 
on GP as supplementary cementitious material. It points out the advantages and disadvantages of using 
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In last couple of decades, efforts have been made in the concrete industry to use waste glass as a partial 
replacement of the coarse or fine aggregates, or as SCM. Most studies reported that the replacement of 
natural aggregates with crushed waste glass of up to 20% increased the compressive strength, and 10% 
was suggested as most effective [1]–[8]. However, there were concerns with the potential negative effect 
of glass on alkali-silica reaction (ASR), due to strong reaction between the alkalis in cement and high 
silica content in course glass particles. Hence the use of glass in concrete as part of the coarse aggregate 
was not adequate mostly because of the excessive expansion [1], [9]. Some studies showed when the 
glass was grounded to a particle size up to 300 μm, the alkali-silica reaction (ASR); induced expansion 
could be mitigated. [10]–[12]. Recent studies [10], [13]–[15] that investigated mechanical, physical and 
chemical properties of concrete with different particle sizes of glass, showed that  glass, when milled to 
micron-level particle size and used as cement replacement, can not only increase compressive strength 
but also slightly reduce ASR despite the high alkali content [16], [17]. Therefore, this chapter focuses on 
a literature review related to glass in concrete as SCM. 
2.1.1. Background of High - Performance Concrete (HPC)/ Definition of HPC 
 
There are numerous theories about the definition of high - performance concrete. According to a paper 
by Aitcin [18], what was known as high-strength concrete in the late 1970s is now referred to as high-
performance concrete (HPC) because it has been found to be much more than simply stronger.  ACI 
defines HPC, besides strong and highly workable, also durable, which many engineers questioned [19]. 
At this regard, an earlier definition proposed by Mehta and Aitcin stated that the term HPC should be 
applied to concrete mixtures possessing the following three characteristics: high workability, high 
strength, and high durability [20]. The question remains whether HPC is necessarily sustainable as well? 
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High-performance concrete (HPC) is produced by careful selection and proportioning of its components; 
cement, sand, gravel, SCMs such as fly ash, slag, silica fume; and metakaolin, and chemical admixtures 
for instance high range water reducing admixtures, and air entraining agents. The strength and durability 
properties of the HPC show better performance than ordinary concrete. 
 
Figure 2.1 Conventional concrete vs. HPC [21] 
2.1.2. Portland cement (PC) 
 
Cement is the binding material in concrete, however its production is resource and energy intensive (5-7 
% contribution of total global anthropogenic CO2 emissions) one ton of cement requires about 1.5 tons 
of raw materials and results in one ton of CO2 per ton of cement [22], [23], [24], [25]. In the USA about 
90 million tons of cement are produced annually (CO2 emissions equivalent to 300 million cars) [26]. 
Portland cement is a complex product made from very simple and abundant materials: limestone and 
clay (or shale). There are five types of PC for different purposes, and for every each of them very precise 
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proportions of these two basic materials have to be mixed with some additions to create a raw dry mix 
with a precise chemical composition; this will result in the production of clinker through the complex 
high temperature process presented in Figure 2.2. It is not always easy to maintain good operational 
conditions in the kiln during this process, and it requires some art from the cement producer. The 
production cost of PC is closely linked to the cost of the fuel used to create a kiln temperature sufficiently 
high to enable the different chemical reactions that transform the raw meal into clinker. Clinker comes 
out of the kiln as grey nodules, paler or darker according to the amount of iron it contains [27]. Common 
sources for raw materials are: lime (CaO) or (C), silica (SiO2) or (S), alumina (Al2O3) or (A), and iron 
oxide (Fe2O3) or (F), gypsum (CaSO4 2H2O). The main compounds of ordinary Portland cement are tri-
calcium silicate (C3S-Alite) in the range of 45-60% per weight, di-calcium silicate (C2S-Belite) in the 
range of 15-30%, tri-calcium aluminate (C3A) as 6-12%, and tetra-calcium alumina ferrite (C4AF) as 8%. 
The chemical reactions that happen once the water is added, are called the hydration reactions, and the 
products are hydration products. The main phases present in hydrated cement paste microstructure can 
be listed as follows: 1) calcium silicate hydrate (C-S-H); 2) calcium hydroxide (CH); 3) etringite; 4) 




Figure 2.2.  Components of PC before and after the process [27] 
 
2.1.3. Sustainability of HPC/Definition  
 
United Nations (UN) defines sustainability in general: “Sustainable development meets the needs of the 
present without compromising the ability of future generations to meet their own needs” The Sustainable 
Development goals are improving the lives of populations around the world and mitigating the hazardous 
man-made effects of climate change [30]. 
Concrete that uses less energy to be produced and releases less carbon dioxide into the environment than 
normal concrete is referred as eco- friendly or sustainable concrete. Sustainable concrete uses local and 
recycled materials. Concrete that can fall under the category of eco-friendly has the following 
characteristics: Optimize use of available materials; better performance; enhanced cohesion, workability 
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and consistency; reduced shrinkage and creep; durability and better service life; reduced carbon footprint; 
no increase in cost and LEED certification. The number of strategies whereby sustainable concrete can 
help in achieving green construction include: increased dependence on recycled materials, effective use 
of SCMs, improved mechanical properties and reuse of wash water. Green construction materials are 
environmentally beneficial because of their long-term positive impacts, based on efforts focused on the 
use of locally available materials, reusability or recyclability, resource and energy efficiency, and water 
conservation, and reuse. 
2.1.4. How to reduce CO2 emission 
 
Up until now, there have been three main ways to reduce CO2 emissions associated with cement 
production: 
1. Increasing energy efficiency by optimizing processes and modernizing factories. Introducing new 
cement plants using the best available technology or upgrading old plants. 
2. Industry has focused on substituting conventional fossil fuels with other energy sources. 
Alternative fuels such as biomass, tires and industrial waste can be used to replace fossil fuels in 
cement kilns, (and so reducing the GHG emissions of the traditional manufacturing process). This 
allows not only a reduction in the consumption of fossil fuels but also the safe disposal of waste 
that would otherwise be incinerated or land filled. 
3. Researchers have focused their attention on developing alternative materials by partially 
replacing clinker used in cement systems with waste or by-products [31], [32]. Using additives 
in cement to develop a large range of products according to their application. Natural products 
such as pozzolan or industrial by-products such as fly ash (a by-product of coal-fired power 
stations) or slag (a by-product of the steel industry) can be used in the cement production process 
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as cement additives. These decarbonated additives have hydraulic binding qualities and can be 
used to produce less carbon-intensive cements [33]. 
Clinker replacements that have been developed or tested include industrial by-products such as fly ash 
(FA) [34], [35] and ground granulated blast furnace slag (S) [36], or biomass wastes like rice husk ash 
[37]. Innovative construction materials such as geopolymers or alkali-activated cements have also gained 
popularity [38]–[41]. In most cases, clinker is only partially replaced, however it produces more eco-
friendly cement [35]. It is important that the mechanical and durability properties of alternative cements 
are similar to (or more superior than) the properties of Portland cement. Other additives such as silica 
fume and nano-silica particles improve the properties of Portland cement [42] and metakaolin-based 
geopolymers [43]. The main reason that geopolymer binders have not  been more widely embraced by 
industry is the current lack of standards  specifications backed by long term testing and development 
[44]. 
2.2. Supplementary cementitious materials (SCMs) 
 
To overcome environmental impacts and produce high-performance concretes, which are commonly 
used today, SCMs such as FA and S are most commonly used to partially replace cement content. The 
addition of SCMs to concrete is necessary to achieve high strength, increased durability, and less 
permeability of deleterious substances such as salt solutions. The added benefit of SCMs is production 
of “Sustainable concrete” by reducing CO2. 
Materials used as SCMs in concrete show either cementitious or pozzolanic properties and improve the 
performance of concrete. In contact of cement and water, hydration reactions occur thatcreate excess 
calcium hydroxide (C-H): 2C3S + 11H → 3C-S-H + 3C-H and 2C2S + 9H → 3C-S-H + C-H (shorthand 
concrete abbreviations are used, C3S is tricalcium silicate (alite), C2S is dicalcium silicate (belite), H is 
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water, and C-S-H is calcium silicate hydrate). Pozzolanic materials react with the excess C-H to form 
secondary C-S-H gel, a major strengthening component in concrete. The use of recycled materials as 
SCMs is extremely important  because of the enhancement of concrete performance (mechanical and 
durability properties) and the potential to produce more economical and sustainable concrete by replacing 
Portland cement. Some materials which are used as SCMs in concrete include, but are not limited to; 
slag, fly ash, silica fume, and glass powder [13], [45]–[47] Slag is more cementitious material, while 
other three are pozzolanic. 
2.2.1. Fly ash 
 
Fly ash, also called pulverized fuel ash (PFA), is a by-product of the combustion of coal in power plants 
in a temperature range of 1300°C-1500°C. It is generally collected from chimneys of powdered coal-
fired plants. The fly ash particles are more or less spherical and range in diameter from less than 1 μm to 
about 200 μm [48] Two classes of fly ash are specified in ASTM C618 according to the amount of 
calcium, silica, alumina and iron oxide: viz. class F and class C. Class F fly ash is generally low in lime, 
usually under 15%, and contains a larger share of silica, alumina and iron (> 70%) than Class C fly ash. 
In this study class F fly ash is used. From the mineralogical point of view, fly ash consists of three types 
of components: crystalline minerals (quartz, mullite, spinel, etc.), unburnt carbon particles and non-
crystalline (amorphous) aluminosilicate glass [49]. The amorphous phase is formed during the quick 
cooling process. It is a vitreous or glassy solid with pozzolanic activity. In contrast, the crystalline mineral 
is formed during the slow cooling process and does not participate in the pozzolanic reaction [50]. Figure 
2.3 shows cartoons of the structure of the crystalline (a) and amorphous structure (b) of silica (SiO2). In 
a two-dimensional presentation the chemical bonding in crystalline silica shows a regular lattice. In 
amorphous silica, the atoms build up an irregular lattice and the chemical bonds are easily broken by 
hydroxyl ions. [51]. In marine environment, chloride-induced corrosion is assumed the dominant 
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mechanism determining the service life of reinforced concrete structures. Fly ash, as a partial replacement 
of Portland cement, is able to improve the resistance of concrete to chloride ingress and to extend the 
service life of concrete structures. Fly-ash has been the most popular SCM for concrete, but its 
availability has decreased significantly over passed couple of years. About 40 % of coal-fired power 
plants are shutting down and many are converting to cheaper and cleaner natural gas [52]–[54]. 
 
 
Figure 2.3. Difference between a) crystalline and b) amorphous silica-structures in 2-D [55] 
2.2.2. Slag 
 
In recent years, ground granulated blast furnace slag or slag (GGBFS or S) has found a wide application 
in concrete industry as SCM. The GGBFS is the byproduct obtained from a steel production. The glassy 
granular material formed when molten blast-furnace slag is rapidly chilled, as by immersion in water, 
known as cement slag—granulated blast-furnace slag that has been finely ground [56]. This mineral 
admixture is used as partial replacement for cement in concrete, and it has several benefits, including 
reduced energy, reduced greenhouse gas emissions, and reduced use of raw materials. Further, its use 
improves the mechanical properties of concrete, reduces the heat of hydration and decreases the 
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permeability of concrete and the alkali aggregate reactivity. The USA is not a big producer of steel, hence 
it is mostly imported from elswhere. Compounding this problem, granulated blast-furnace Slag, a residue 
from the production of steel, is expensive and produced outside the USA (Canada 35%, Japan 32%, Spain 
12%, and Italy, Brazil and others)[57], [58]. 
2.2.3. Glass pozzolan as a new SCM 
 
Thus, there is an urgent need for an alternate SCM to Fly-ash, and post-consumer glass can be effectively 
and economically transformed into value-added pozzolanic material for concrete. In New York, 3 million 
tons of cement are used annually for concrete [59], and at typical 30% cement replacement, this 
represents one million tons per year of glass pozzolan (1 million tons CO2 reduction) using 6 billion color 
beer bottles, and creating a $1billion market (at price of cement of $105/ton). 
When the waste glass is color-mixed, it is very difficult to sort it out and produce a new glass, hence it 
ends up at the landfills [60]. The glass is not biodegradable, consequently, there is a strong need to use 
waste glass [14], [61]. The recycling operations of waste glass are problematic for the municipalities 
nationwide, costly and often subsidized due to lack of value-added product markets. At the present these 
operations do not even offset processing costs, particularly for mixed-color glass, which mostly comes 
from the bottle and jar industry [14]. Glass is an inert material that could be recycled many times without 
changing its chemical properties. It has desired chemical composition and when milled to a micron-level 
particle size, it exhibits good reactivity and can be used as an effective SCM [62], [63]. The utilization 
of waste glass in concrete increases the recycling rate of glass and helps to reduce the load from landfills 
[64]. 
Glass powder has been reported to undergo a pozzolanic reaction in cementitious systems [65], [14]. 
Because of its high silica content, glass powder can react with calcium hydroxide formed from cement 
hydration to form secondary C-S-H gel. This reduces the porosity of the matrix phase, consequently 
31 
 
improving mechanical and durability properties. This is similar to the reaction that fly ash undergoes in 
a cementitious system. Another important requirement for glass powder to exhibit pozzolanicity, is its 
particle size. It has been reported that glass powder finer than 38 microns exhibit pozzolanic properties 
[65].A typical pozzolanic material features three characteristics: it should contain high silica content, be 
X-ray amorphous, and have a large surface area. Compared to fly ash and silica fume, glass has a 
sufficient silica content and is amorphous in nature. The glass might satisfy the basic requirements for a 
pozzolan if it could be ground to a size fine enough to passify the alkali-silica reaction (ASR) and to 
activate the pozzolanic behavior [65]. 
2.3.  Mixture designs and fresh properties of concrete with GP as 
SCM 
2.3.1. Mixture designs 
 
Concrete deteriorates with time being exposed to the environment, which significantly influences its 
behavior, service life and safety. Cracking of the concrete, inadequate cover [66]–[69] and quality of the 
cover of steel, and the overall quality of the structural concrete are the three main factors that allow 
aggressive agents to penetrate into concrete, such as chlorides and sulfates. Obvious ways of dealing with 
those shortcomings are to minimize the amount of concrete used, by avoiding over-design as well as to 
use appropriate and high quality mixture designs, correct designs that follow the recommended crack 
control parameters, rigorous construction inspection and adequate concrete curing.  
Over the last few decades, several efforts have been directed to incorporate waste glass into concrete 
mixtures. An overview of the literature of the last 15 years showed that early applications of glass were 
in the form of granular material. Glass was crushed and used as recycled coarse and fine aggregates in 
concrete mostly for non-structural applications. However, there were concerns with the potential negative 
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effect of glass on alkali-silica reaction (ASR), due to high silica content in course glass particles [1], [2], 
[5]. In previous studies on concretes and pastes with using glass powder as SCM, glass powder has been 
used at replacement percentages of up to 40% per cement weight [14], [70], [71]. Most studies, however, 
are on a conservative side by limiting the maximum glass powder content to 20%, and even lower dosages 
are mostly recommended [46], [72]. 
 Mixtures with incorporated fly ash (FA) as a SCM typically have replacement levels of up to 30 % by 
mass, for which FA shows a significant pozzolanic reaction [73]. In some rare cases, studies show better 
mechanical and durability properties when cement is replaced with FA up to 40 % [74],  or even up to 
50 % cement replacement in high volume fly ash concretes [75]. Mixtures with ground granulated blast 
furnace slag (S) have been reported in numerous studies to be up to 60 %  of cement replacement, 
however, typically in construction is found to be 40 % or 50 % [73],[76]. 
 
2.3.2. Fresh properties of concrete 
 
The initial setting time of cement pastes and concrete is generally delayed by the addition of an SCM 
because of the reduction in cement content [77].  The addition of an SCM generally increases the flow 
of pastes, however unlike fly ash particles which are spherical, glass powder particles are angular and 
may impede flow. 
 
2.4. Macrostructure evaluations of concretes with GP as SCM 




Compressive strength for concrete varies depending on the amount of cement used in the mixture as well 
as the total cementitious content (use of any SCMs), and any secondary hydration reactions associated 
with the SCMs. Most studies reported that the replacement of natural aggregates with crushed waste glass 
of up to 20% increased the compressive strength, and 10% was suggested as most effective [1]–[8]. 
Previous research on concretes containing glass powder as SCM reported that mixtures with lower 
replacement dosages show greater compressive strength at both early and late ages [46], [78]. The 
flexural strength of concretes  with glass powder also follow a similar trend to that of compressive 
strengths [46]. The flexural strengths of concretes with glass, either as a coarse aggregate or as a cement 
replacement material, were reported to be similar [3], [13]. 
 
2.4.2. Durability properties 
 
Durability of concrete depends to a large extent on its ability to resist the various environmental 
conditions (freeze and thaw, moisture, and ion penetration), and for concrete containing glass as 
aggregate replacement, it is important to prevent the expansion and cracking caused by ASR. The high 
alkali content in the pore solution may enhance the reaction with certain types of reactive siliceous 
aggregates leading to expansion and consequent cracking of concrete. However, if the glass is pozzolanic, 
there might not be enough hydroxide ions remaining in the pore solution after hydration to react with the 
silica to produce the expansive gel. The greater amount of pore space available for pozzolanic gel perhaps 
leads to a more uniform distribution and also assists in preventing ASR in more mature concrete, or it is 
also possible that the alkalis might be incorporated into the hydration products, hence negating the 
occurrence of ASR [10], [16], [17]. Studies on moisture transport in concrete are reported to be indicators 
of the durability characteristics of concrete [79], however  studies on durability properties of concrete 
containing glass powder are limited. Rapid chloride permeability (RCP) is a common method to test for 
34 
 
chloride ion penetration into concrete. Although, the applicability of RCP as an indirect method of one-
dimensional “diffusivity,” rather than permeability, is debated, it still provides a way to compare 
permeability performance of concretes. Because chloride penetration results in reinforcing steel 
corrosion, it is important to understand the effects of cement replacement on this property. Concretes 
with 100 % Portland cement have been reported to have 4000 Coulombs of total charge passed during 
RCP test, and concretes with SCMs show decreased charge passed, some below 1000 Coulombs 
depending on the material used. A similar relationship of decreased permeability as function of reducing 
water-to-cement ratio was also reported [80]. There is no comprehensive study that explains a correlation 
of a freeze-thaw resistance of concretes when cement is replaced with GP and air-void parameters and 
pore structure. The only study on freeze-thaw resistance and durability factor was found  to be performed 
up to 300 cycles [81]. 
 
2.5. Microstructure characterization 
2.5.1. Pore structure 
 
Several studies have shown that refinement of the capillary network and its evolution with time are 
strongly related to the type and characteristics of mineral admixtures added. Furthermore, refinement of 
the pores increases significantly at an early age depending on the parameters of the cement matrix 
mixture. This change in the capillary pore structure induces a higher magnitude of self-desiccation 
shrinkage. Therefore, the distribution of the pores in the cement paste has to be considered, along with 
pore size and connectivity. In concrete and mortar, this pore structure is affected by the presence of 
aggregates and other chemical or mineral admixtures [82], [83]. The main source of strength in concrete 
is the adhesion between the solid products of hydrated cement paste. This adhesion can be attributed to 
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the van der Waals forces of attraction with a degree of adhesion dependent on the extent and the nature 
of the solid surfaces involved. Some of hydrated products, such as C-S-H crystals, calcium sulfo-
aluminate hydrates, and hexagonal calcium aluminate hydrates, possess vast surface areas and adhesive 
capability. Therefore, they tend to adhere strongly to each other and at the same time to solids with low 
surface areas such as lime, anhydrous cement particles, and fine and coarse aggregate particles.[28]. To 
achieve the high strength requirements (generally higher than 50 MPa), only reducing the capillary 
porosity is not enough, but also a substantial reduction in the total porosity should be achieved by 
reducing the gel porosity. This substantial porosity reduction is required to change the C-S-H structure 
from porous to more crystalline phase (change in concrete microstructure) [84]. When added to the 
cement paste, pozzolanic materials play an important role leading to improving the mechanical and 
durability properties. The most important effect on microstructure is the change in pore structure by the 
reduction in the grain size, which results chemically from the pozzolanic reactions (pozzolanic effect), 
and physically from the obstruction of pores by the action of the finer grains (filler effect) [85]. There is 
a lack of information on pore structure of concrete with using GP as SCM. 
 
2.5.2. Hydration properties 
 
The properties of concrete originate from the internal microstructure of the material. Although its 
microstructure is highly complex and heterogeneous, by making proper changes, properties of concrete 
can be modified. The most commonly used binder in concrete is Portland cement which mainly consists 
of lime (CaO) or (C), silica (SiO2) or (S), alumina (Al2O3) or (A), and iron oxide (Fe2O3) or (F). In 
addition to ordinary Portland cement, the essential components of concrete are aggregates and water. For 
practical requirements, SCMs with various particle sizes and specific surface areas can be added to the 
raw materials to improve some desirable characteristics of the final product.  
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The use of SCMs in concrete helps to reduce the temperature development in cement pastes and concrete 
because of the reduction in cement content. Reducing the heat of hydration greatly reduces the risk and 
occurrence of thermal cracking in the concrete structure. By reducing the cement content, the peak 
temperature, and ultimate heat of hydration decreases in the cementitious system [86]. There are some 
dissenting results, where a decrease in cement content is reported to contribute to an increased peak 
temperature when compared to other pastes incorporating greater cement content [87]. However, the 
widely accepted trend is that the use of a SCM in increasing amounts will decrease the peak temperature. 
The values of the w/c ratio are directly related to the distance separating the particles in a cement paste 
when the hydration process begins. The lower the w/c is, the stronger, more durable, and more sustainable 
the hydrated cement paste is [88].  
 
2.6. Field applications 
 
There is limited research on applications of Glass pozzolan in construction projects, and the three most 
recent relevant studies include: non-structural concrete for sidewalk and driveway applications at 
Michigan State University Campus in 2011 [22], and for structural concrete elements used in slabs in 
Australia in 2006 [46], and in slabs and walls in Canada in 2016 [81]. 
 
2.7. Summary and concluding remarks 
 
In the past, recycled glass was used as a partial replacement for coarse and/or fine aggregates in concrete, 
and that rose concerns about Alkali-Silica Reaction (ASR). Previous studies showed when recycled glass 
is used as SCM, ASR is not an issue. There is some knowledge about mechanical and durability 
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properties of concrete with using GP as SCM. However, there is limited knowledge about microstructure 
characterization (especially on pore structure and air-void analysis). There were no large scale public 
works or commercial field applications in USA. 
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MATERIALS, MIX DESIGNS 
AND METHODS 
 
This chapter provides descriptions of all cementitious materials, aggregates and chemical admixtures 
used in this research. The characterizations of physical properties and chemical composition of 
cementitious materials with focus on GP are summarized. The mix designs and experimental 
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The mechanical and durability properties of concrete mainly depend on the microstructure properties of 
the binder (hydration phases and pore structure), which could be modified by adding different 
components and materials in mixture designs as it is explained in Chapter 2..  The size of cement 
particles directly affects the hydration, heat of hydration, setting/hardening, and strength. The finer the 
cement particles are, the larger the total surface area is, and hence the area in contact with water is larger. 
Therefore, the hydration will be faster, the setting and hardening will be accelerated correspondingly, 
and the early strength will be higher [1]. This chapter gives description of all cementitious materials, 
aggregates and chemical admixtures used for mixture designs in this research. The chapter begins with 
characterization of morphology, physical properties and chemical composition of cementitious raw 
materials. Based on the literature review, (Chapter 2), S and FA are the most commonly used by-products 
as SCMs. Due to concerns with their availability in the USA, this research focuses on using GP as an 
alternate SCM in concrete. Furthermore, special attention was given to the development of concrete 
mixture designs that could be implemented in the field for different applications. For that reason, concrete 
mixtures with GP were designed with the same cement replacements as concrete mixtures with FA and 
S in order to study comparatively workability, pump-ability, mechanical and durability properties. The 
preparation of concrete and cement paste samples, and experimental methodology are also described in 
this chapter. 
3.2. Materials 
Materials for this research were provided by collaborating industry partners on a general multi-participant 
panel known as “Glass in Concrete”, that has led to studies in the laboratory, few field applications, and 
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approval of ASTM standard specification for using GP in concrete. The commercial Glass Pozzolan (GP) 
known as Pozzotive was provided by Urban Mining Northeast, and other cementitious materials, 
aggregates and chemical admixtures were provided by US Concrete. 
3.2.1.Cementitious materials 
3.2.1.1 Particle size distribution (PSD) 
The cementitious materials used in this research were: Portland cement (CM) type I/II; post-consumer 
recycled glass pozzolan (GP); class F fly ash (FA), and Ground granulated blast-furnace slag (GGBS or 
S). The particle size distribution was measured with Beckman Coulter LS – 13320 Laser diffraction 
analyzer and it is shown in the Table 3.1, and their differential volume percentages are given in Figure 
3.1. The d50 represents the particle size of a cluster of particles, and for CM was 14.2 μm, and for GP, 
FA and S were 10 μm, 14.9 μm and 11.3 μm respectively. For instance, for GP, the d50 means that 50 % 
of the particles is greater than 10 μm, and 50 % is smaller than that. According to the literature, S particles 
in blended cements that are greater than 20 μm react slowly, while particles smaller than 2 μm react 
completely after 24h [2], [3].The size of particles and surface area are the most important for mineral 
admixtures. As reported in the literature, smaller particle size and greater surface area show the capability 
of mineral admixtures to react more effectively with Ca(OH)2 in the concrete and create more “gel 
formation” of  calcium silicate hydrate (C-S-H) [4]. 
Table 3.1 Particle size distribution of raw materials 
    CM GP FA S 
Volume: % 1.0 1.0 1.0 1.0 
Mean: μm 19.8 11.8 25.9 13.9 
Median: μm 14.2 10.0 14.9 11.3 
S.D.: μm 19.1 8.4 34.2 10.7 
d10: μm 2.9 2.3 3.3 2.1 
d50: μm 14.2 10.0 14.9 11.3 





Figure 3.2 Particle size distribution 
 
3.2.1.3. Chemical composition of raw powders 
The oxides of all raw materials were determined with X-ray fluorescence (XRF) method and the values 
were compared with typical chemical composition of cementitious materials from the literature. The 
values are shown in Table 3.2. Total alkali content is based on sodium oxide and potassium oxide, and it 
was calculated as prescribed per ASTM standard specifications for SCMs [5], [6]. The highest was 
reported for GP, and it is a more accurate measure than the pH of concrete. The pH change that the 
aforementioned compounds may produce is too small to be a reliable measure of alkali content in 
concrete or wash water. Thus alkali silica reaction (ASR) is managed by directly controlling the alkali 
metal content of the concrete (alkali content), not its pH or its alkalinity [7]. 
Silica dioxide (SiO2) and alumina oxide (Al2O3) are the most important constituents for any mineral 
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primary hydrate of cement to produce calcium silicate hydrate (C-S-H) which is the strengthening gel in 
concrete. On the other hand S has the highest content of alumina oxide, showing its capability of 
producing calcium aluminate  silicate hydrate (C-A-S-H) which also has bonding characteristics in the 
concrete [4]. The loss on ignition (LOI) was determined via NETZSCH thermogravimetric analyzer 
(TGA). The process consists of heating (igniting) a sample from 40 ◦C up to 1000 ◦C using air with a 
constant heating rate of 10 ◦C/min. When the TGA reaches 1000 ◦C, it stays there for 1 hour. GP had the 
least LOI, and FA showed the highest LOI which is related to the unburned carbon. 




            (GP) 
Fly ash class F 
            (FA) 
Slag 
              (S) 
Portland cement 
              (PC) 
 SiO2, % 72.5 47.58 38.00 20.2 
 Na2O, % 13.7 1.5 0.32 0.19 
CaO, % 9.7 5.54 39.84 61.9 
 Al2O3, % 0.4 26.42 7.52 4.7 
 MgO, % 3.3 0.9 10.54 2.6 
 K2O, % 0.1 1.9 0.38 0.82 
 Fe2O3, % 0.2 12.19 0.31 3.0 
SO3, % 0.1 1.08 0.16 3.9 
Total alkalis Na2O 
+ 0.658K2O, % 
13.77 2.75 0.6 0.73 


























Figure 3.2 X-ray diffraction of raw materials, a) CM, b) GP, c) FA, d) S   
 
The mineralogical composition of CM, GP, FA and S raw powders was performed via XRD qualitative 
analysis on a Philips PW1830/40 powder diffractometer in the micromechanical laboratory (Microlab) 
at TU Delft. The machine is operated with an accelerating voltage of 40 kV and an X-ray beam current 
of 30 mA. The X-ray source is Cu-tube working with characteristic Cu Kα wavelength of 0.15418 nm. 
The machine is equipped with NI-filter, and analysis were performed in air on raw powders with a step 
size of 0.02◦ for a 2θ angle range between 5◦ and 70◦. Every step was analyzed for 10 seconds, and the 
results are presented in Figure 3.2. The amorphous phase was dominant in GP and S powders, and it can 
be recognized by the broad hump centered around 25◦ (2θ) for GP and around 30◦ (2θ) for S. Unlike GP 
and S, CM and FA showed some crystalline phases such as Gypsum, C3S, C2S, C3A, C4AF in CM; and 
quartz, mulita, hematite in FA. 
3.2.1.2. Morphology and physical properties of raw powders 
The particle shape of CM, FA, S and GP was studied with environmental scanning electron microscope, 
Philips-XL30-ESEM. Raw powders were dispersed over a carbon tape and placed in the ESEM under 
high vacuum, and images were taken in backscattered electron mode (BSE) with 2,000 and 5,000 
magnification. The size, shape and surface is different for all materials as it can be seen in Figure 3.3 and 
Figure 3.4. SEM micrographs show irregular shape of C, S and GP particles, while FA particles are 
spherical. Spherical shape particles show possible increase in flow ability due to their geometry and by 
packing of material once they are added to concrete. More angular shape gives larger surface area that 
may also affect the hydration, setting and hardening, strength, heat of hydration, and workability. The 
shape of S particles in comparison with the shape of GP particles looks very similar. They are both 
angular, although GP particles seem to show a multiple layer structure (Figure 3.3 (c) and (d), and Figure 
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3.4 (c) and (d), and Figure 3.5, it cannot be concluded with the certainty that S particles do not show 
similar surface as well. More micrographs should be obtained. 
 
  
a) Portland cement (C) b) Fly-ash class F (FA) 
  
c) Slag (S) d) Glass Pozzolan (GP) 
 
Figure 3.3. Scanning electron micrograph of cementitious raw materials with 2, 000 magnification, a) 





a) Portland cement (CM) b) Fly-ash class F (FA) 
  
c) Slag (S) d) Glass Pozzolan (GP) 
Figure 3.4. Scanning electron micrograph of cementitious raw materials with 5, 000 magnification, a) 
Portland cement (C), b) Fly-ash class F (FA), c) Slag (S), d) Glass Pozzolan (GP) 
 
 
The SCMs presented in Table 3.3 have smaller specific gravity than CM. Therefore, more volume is 
expected when any of these mineral admixtures is added to the mixture as cement replacement by mass. 




Figure 3.5. Scanning electron micrograph of GP particles with 10,000 magnification 
 
Table 3.3 Physical properties of raw materials 




class F Slag 
% Passing #325 Mesh % 90.00 100 81.50 99 
Specific Gravity 3.15 2.46 2.52 3 
Median Particle Size (micron) 14 10 15 11 
Strength Activity Index, 28d, %  - 102 - - 
Water Requirement, % of Control 
%  - 97 - - 
Soundness % - 0.05 - -  
Moisture Content %  - 0.10 -   - 
Brightness %  - 80-87  -  - 





The aggregates conformed to specifications by ASTM C33 [8], ASTM C128 [9], and ASTM C127 [10]. 
The coarse aggregate was Nova Scotia crushed granite with a maximum nominal size of ¾ in (19 mm), 
specific gravity of 2.69 and absorption of 0.7. The fine aggregate was Roanoke sand with specific gravity 
of 2.63 and absorption of 0.4. 
3.2.3. Chemical admixtures 
 The chemical admixtures used were polycarboxylate based from BASF. The superplasticizers, as water 
reducer and air entraining surfactants, were adjusted in order to achieve a required slump and air content, 
and they were in accordance with ASTM C494 [11].  
3.3. Development of mixture designs  
 
Six concrete mix designs were evaluated in this research: CM (100 % cement); G-20, G-30, G-40 (20 %, 
30 % and 40 % cement replacement with glass pozzolan GP, respectively); FA-30 (30 % cement 
replacement with FA), and S-40 (40 % cement replacement with ground granulated blast-furnace slag, 
S), and they are shown in Table 3.4.. The concrete mix designs followed the NYC-DDC specifications 
for sidewalk applications, with the following standards: Cement content ˂ 400 lb/yd3 (237 kg/m3), with 
no limit on additional SCM content; ratio of fine aggregate to total aggregate content < 35%; air content 
6+/-1%; slump 4+/-1 in (100+/-25.4 mm). The mixing, casting and curing followed ASTM C192  
specifications for all mixture designs [12]. To achieve the desired performance, the total cementitious 
content (cement + SCM) was defined at 575 lb/yd3 (341 kg/m3), and therefore the requirement of 
maximum cement content of 400 lb/yd3 ( 237 kg/m3) was not satisfied for the control mix with 100% 
cement (CM) and also the 20% glass pozzolan mix (G20).  The water to cementitious content ratio (w/c) 




Table 3.4. Mixture designs 










— 115 (68.2) — 175 (103.8) — 230 (136.5) 
Class F fly 
ash, lb/yd3 
(kg/m3) 
— — 175 (103.8) — — — 
Slag, lb/yd3 
(kg/m3) 














































16 (620) 17 (660) 29.7 (1150) 19 (735) 20 (775) 21 (810)  
Water-cement 
ratio (w/c) 
0.4 0.4 0.4 0.4 0.4 0.4  
Slump, in. 
(cm) 
4.5 (11.5) 4 (10) 4 (10) 4 (10) 4.5 (11.5) 4 (10)  
Air content, % 5.9 5.2 5.6 5.2 6.2 5.8  
Temperature, 
°F (°C) 




3.4. Testing Organization 
3.4.1 Casting of concrete and cement paste samples 
 
Casting of macro-scale concrete samples was performed at the CCNY lab following ASTM C192 
specifications. The brand of concrete mixer used for the preparation of concrete mixtures was 
Marshalltown 600 CM. All dry components were mixed for a few minutes until the mixture looked 
homogenous, and then the water with chemical admixtures was added. Concrete was mixed for 4 minutes 
with a lower speed, followed by 2 minutes break while the walls of the mixer were scraped, and followed 
by 2 minutes faster speed of mixing. Based on the requirements of the testing samples, the concrete was 
placed into plastic cylindrical and steel prism molds and it is shown in Table 3.5. The number of layers 
depended on the size of a sample. Every layer of concrete was rodded through its depth a required number 
of times followed by 10-15 hits with a mallet for consolidation. At the end specimens were externally 
vibrated on a shaking table for 5-10 seconds.  
 
3.4.2 Curing of samples 
Concrete specimens were covered with plastic sheet and placed into a curing room to harden. After 24 
hours specimens were demolded and returned to the moist curing chamber with relative humidity of 95-
100% and room temperature of ~23 °C until the day of testing. 
 
34.3. Preparation of concrete samples 
Preparation of concrete samples was managed between two laboratories for purposes of macro-scale and 
micro-scale evaluations. Samples for macro-scale testing were prepared as aforementioned in Section 
3.4.1. Concrete samples for micro-scale testing were prepared at the TU Delft Microlab by cutting or 
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drilling samples from the larger beams, which were shipped to Delft, The Netherlands. Samples for micro 
computed tomography (micro CT scan) were cylinder cores.  
 
3.4.4. Preparation of cement paste samples 
 
Cement paste samples followed the same w/c ratio and cement replacement percent with SCMs as for 
concrete. Pastes were mixed in a table-top high-shear mixer for 1 minute at low speed, with 30 seconds 
break followed with 30 seconds mixing at higher speed. Samples were cast in small plastic cylinders and 
fitted on a rotating table for 24 hours to prevent segregation and bleeding. After 24 hours, samples were 
demolded, taken to a curing room with 210 C and 95% relative humidity until the day of testing. Those 
samples were used for Mercury Intrusion Porosimetry (MIP), Nitrogen adsorption, thermogravimetric 
analysis (TGA), X-ray analysis (XRD), and Nano-indentation. Cement pastes for calorimetry were also 
mixed with the high-shear mixer. Fresh cement paste samples for setting time were mixed in a Hobart 
planetary mixer with the same time regime as mentioned above. 
 
3.4.5. Testing methods of concrete properties 
 
The experiments presented in this research were carried out to investigate the effect of GP in concrete 
and cement pastes at macro- and micro-scale and how GP affects mechanical and durability properties. 
All six concrete mixtures were tested for fresh and hardened properties following specific ASTM 
standard specifications as described in Table 3.5, where the dimensions of the corresponding cylinder 





Table 3.5. Testing methods at macro-level for mechanical/durability properties  
Test Methods of Fresh 
Concrete Standard     
Air content pressure method     ASTM C 231   
Slump    ASTM C 143   
Temperature of fresh concrete ASTM C 1064   
Setting time     NEN-EN-196-3   
Test Methods of Hardened 
Concrete Standard Specimen 
Compressive strength      ASTM C 39 Cylinder 4x8 in (100x200 mm) 
Splitting Tensile Strength      ASTM C 496 Cylinder 4x8 in (100x200 mm) 
Flexural strength      ASTM C 78 
Beam: 
   6x6x22 in (152.4x152.4x558.8 
mm) 
Maturity method      ASTM C 1074 Cylinder 6x12 in (152.4x304.8 mm) 
Static modulus of elasticity      ASTM C 469 Cylinder 4x8 in (100x200 mm) 
Dynamic modulus of elasticity                                  ASTM C 215 Beams 3x4x16 in (75x100x405 mm) 
Freeze-thaw resistance      ASTM C 666 Beams 3x4x16 in (75x100x405 mm) 
Early shrinkage     ASTM C 157 Beams 4x4x11 
¼ in (100x100x285 
mm) 
Rapid chloride permeability      ASTM C 1202 Cylinders 4x2 in (100x50 mm) 
 
3.4.5.1 Testing methods of fresh concrete properties 
Fresh concrete was tested for slump, air content, yield and temperature as per ASTM standard 
specifications shown in Table 3.5. The air contents and slumps were within the specified limits, by 
adjusting respectively the air-entraining and water-reducing admixtures. The temperature of the concrete 
was within the expected normal range 72-78 F (22-26 ◦C). The values are presented in Table 3.4. Setting 
time was tested on cement pastes with the same w/c ratio of 0.4 as per NEN-EN-196-3 standard. The 




3.4.5.2. Testing methods of mechanical properties 
Mechanical properties were divided into two categories; Strength and stiffness methods as it is shown in 
Table 3.5. For compressive strength and static modulus of elasticity, concrete was tested at 7, 28, 56, and 
90 days. Splitting tensile strength and flexural strength was tested at 14, 28, and 56 days. Dynamic 
modulus was tested as part of the freeze-thaw testing protocol, first at 14 days and every 7 days up to 
210 days. The final values were based on an average of 3 samples. The methods are explained in detail 
in Chapter 5. 
3.4.5.3. Testing methods of durability properties 
Concrete was tested for freeze-thaw resistance, rapid chloride permeability (RCP), and early shrinkage 
as per ASTM standard specifications given in Table 3.5. For freeze-thaw resistance, 3 beam samples per 
mixture were tested for mass loss and dynamic modulus every 7 days starting from 14 days up to 210 
days or 1008 freeze-thaw cycles. Beams were also visually inspected for cracks and scaling. RCP test 
was performed on 4 samples at a time, and it was evaluated at 28, 56 and 90 days. Early shrinkage was 
checked after 1 day for initial length and after that every 7 days for up to 90 days, and values were based 
on average of 3 samples. The methods are explained in details in Chapter 6. 
3.4.5.4. Testing methods for pore structure of cement pastes 
Pore structure of a concrete is one of the most important parameters, especially when evaluating porosity 
and transport properties. Pore structure was studied on cement pastes via Mercury intrusion porosimetry 
(MIP), Gas adsorption (N2), and Scanning electron microscopy (SEM/BSE) at ages of 7, 30, 53 and 100 
days. Samples required special preparation treatment. For all three methods, hydration was stopped by 
using isopropanol. MIP samples were small chunks of cementitious paste between 2-3 g depending on 
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the density of material. Samples for SEM were polished sections, and samples for N2 adsorption method 
were powders about 1 g. Preparation of samples and comparison of results discussed in Chapter 7. 
3.4.5.5. Testing methods of hydration properties of cement pastes 
When cement is mixed with water, chemical reactions occur by producing hydration products. Main 
products are portlandite (CH) and calcium silicate hydrate (C-S-H). When SCMs are added into a system, 
then latent, pozzolanic reactions occur. Heat of hydration and energy were calculated through isothermal 
calorimeter TAM-air. Thermogravimetric analysis (TGA) was used to determine LOI and C-H 
consumption.  X-ray diffraction (XRD) was used for qualitative purposes to confirm the phases in cement 
pastes. The tests were performed at 7, 30, 53 and 100 days in order to be able to compare results with 
other methods. Nano indentation was performed on cement pastes at 100 days in order to determine 




In this chapter, the characterization of the microstructure including physical and chemical properties of 
raw powders, and the development of concrete mixture designs were presented. Following conclusions 
are made: 
1. Based on particle size distribution (PSD) method for all 4 raw materials, GP had the smallest 
median particle size. For GP, the d50 was 10 μm, which means that 50 % of the particles is greater 
than 10 μm, and 50 % is smaller than that. The size and surface area of particles are among the 
most important properties of mineral admixtures. As reported in the literature, smaller particle 
size and greater surface area show the capability of mineral admixtures to react more effectively 
with Ca(OH)2 in the concrete and create more calcium silicate hydrate (C-S-H). 
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2. Based on X-ray fluorescence XRF method, it was shown that GP contains more than 70% of 
silica dioxide (SiO2). Silica could be amorphous which is beneficial or crystalline which can be 
detrimental to concrete, however based on X-ray diffraction (XRF) method it was shown that GP 
consists of amorphous silica. 
3. The SCMs used in this study have smaller specific gravity (SG) than cement (CM), and GP has 
the smallest SG of 2.46. Therefore, more volume is expected when any of these mineral 
admixtures are added to the mixture as cement replacement by mass. Generally reduction in fine 
aggregate content in the mixture is necessary to overcome the volume increase. 
4. The shape of GP particles is angular like for S, and more angular shape results in larger specific 
surface area that may also affect the hydration, setting and hardening, strength, heat of hydration, 
and workability. 
5. Six concrete mixture designs were developed in this research: CM (100% cement as a reference); 
G-20, G-30, G-40 (20%, 30% and 40% cement replacement with glass pozzolan GP, 
respectively); FA-30 (30% cement replacement with FA), and S-40 (40% cement replacement 
with ground granulated blast-furnace slag S). Evaluations at macro- and micro-level were 
performed to determine their suitability for field applications by the concrete industry, and 
defining maximum allowed percentage replacement of cement with GP, as described in the 
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This chapter describes the importance of fresh concrete properties such as slump, air- content and setting 
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This study was initially conducted in order to design durable and sustainable concrete mixtures for 
application in side-walk construction in New York City (USA), where concrete is exposed to winter 
weather conditions. Thus, air-entraining admixture was used for all mixtures following the DDC-NYC 
specifications for sidewalks of entrained air of 6 +/-1%, and slump of 4 +/-1 in (100 +/- 25 mm). There 
were no special requirements on setting time of concrete, however initial and final setting times of the 
cement pastes were also measured. 
4.2. Fresh properties of concrete  
4.2.1 Slump 
 
Slump test is the simplest test widely used to determine workability or consistency of a freshly prepared 
concrete mix. In general, workability indicates water to cement (w/c) ratio, but there are various factors 
including properties of materials, mixing methods, dosage of admixtures, etc. that also affect the concrete 
slump value. Slump was checked for each batch as per ASTM C143 [1]. A sample of freshly mixed 
concrete was placed into 3 layers and compacted by rodding 25 times per layer in a mold. The shape of 
a mold is as the frustum of a cone with upper diameter of 4 in (100 mm) and the bottom diameter of 8 in 
(200 mm), and 12 in high (300 mm). 
The cone was raised in about 5 seconds and the entire test was performed in 2-3 minutes as per standard. 
The slump is measured as a difference between the height of the mold and the height of the collapsed 




Figure 4.1. Procedure of measuring slump [2] 
 
4.2.2. Air content by pressure method 
 
This test method determines the air content of freshly mixed concrete exclusive of any air that may exist 
inside voids within aggregate particles. The measuring equipment consists of two parts, a cylindrical 
steel bowl of minimum 0.2 ft3 (6 l) and covering an assembly with pressure meter. The principle of this 
meter consists of equalizing a known volume of air at a known pressure in a sealed air chamber with the 
unknown volume of air in the concrete sample. The dial on the pressure gauge is calibrated in terms of 
percent air for the observed pressure at which equalization takes place. Working pressures of 50 to 205 
KPa [7.5 to 30.0 psi] were used as per ASTM C231 [3]. Fresh concrete was tested for air content by air 
pressure method, and all the values are presented in Table 4.1. 
 
4.2.3. Setting time of pastes 
 
With addition of water to the raw materials (CM, GP, FA and S), the chemical reaction starts to occur, 
and the paste begins to stiffen while the heat is released. The setting of cement-based pastes is a 
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percolation process. In this process isolated or weakly bound particles are connected through the 
formation of hydration products so that solid paths are developed in the hardening pastes [4]. Therefore, 
the setting of cement based pastes depends on factors that affect the connectivity between particles such 
as water to binder ratio [5]. According to the standard NEN-EN 196-3 [6], the initial setting time is the 
time passed between “zero time” (the time when the water is added to a raw material) and the time at 
which the distance between the needle and the base-plate is 6 +/-3 mm. The final setting time is the 
elapsed time, measured between the “zero time” and the time when the needle first penetrates only 0.5 
mm into the paste [6]. In practice, the initial setting time indicates the loss of workability and the 
beginning of the hardening of the paste or concrete [7]. 
The initial and final setting times of all cement pastes were measured with an automatic Vicat needle 
apparatus according to the aforementioned standard and shown in Figure 4.2. Setting time tests were 
conducted at 20 °C and 50% relative humidity, and the values are presented as an average of 3 tests per 
cement paste in Table 4.2. Pastes were prepared in a Hobart table-top mixer, mixed for 1 minute at a 
lower speed, followed by 30 seconds break while the walls of the mixer were scraped, and finished with 
30 seconds at higher mixing speed. The fresh mixtures were placed in the standard cone with geometry 




Figure 4.2. Automatic Vicat apparatus for testing initial and final setting time 
4.3. Discussion of results 
 
Achieving the same slump and air content for all mixtures is not an easy task especially when there are 
constrains. All mix designs had same water to cementitious w/c ration of 0.4. During the mixing of 
concrete in the laboratory, adding more GP slightly decreased the flow of fresh concrete. Concrete 
mixture with S also showed slightly decreased workability than concrete mixture with FA. In order to 
keep a constant slump and air content, concrete mixtures were adjusted using superplasticizer as water 
reducing admixture (Glenium 7500) and air entraining admixture (AE90), and quantities of chemical 
admixtures are presented in Chapter 3, Section 3.3, Table 3.4. Superplasticizer was added a little more 
to the mixtures S-40 and GP with higher cement replacements in order to maintain the same slump and 
same w/c ratio. SCMs with higher specific surface area and with high chemical activity such as S have a 
higher demand of water than FA particles [8]. The workability of concrete mixtures with GP is related 
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to geometry, smoothness and surface area of the GP particles [9]. Consequently, the workability 
decreases for GP rich pastes and S-40. In cement based materials, besides the water content, particle 
shape plays a significant role on workability. Unlike concrete with GP and S (which are angular particles 
and have high frictional forces), concrete with FA was the most workable due to its spherical particle 
shape and glassy surface that enables sliding of the particles. In this case the friction is minimized and 
this effect is known as “ball bearing effect” [10]. Among all 3D shapes, a spherical shape provides the 
minimum surface area for a given volume. This is because the packing density of the paste increases 
while the retained water inside the particle flocs decreases, which minimizes the particle’s surface to 
volume ratio, and results in decreased water demand [11]. 
Air content of fresh concrete was in the prescribed range for all concrete mixtures. Since it was air 
entrained concrete, the amount of air bubbles was managed with an air entraining agent that was added 
to the batch by a trial and error approximation. Some studies reported that adding GP as SCM in non-air 
entrained concrete increases the air content, which could not be concluded for the fresh concrete in this 
study [9]. We should keep in mind that air-content of fresh concrete does not necessarily represents the 
air void content of hardened concrete Hence, in Chapter 7, harden concretes were studied for actual air 
void content in detail. FA-30 required the most air-entraining admixture due to carbon presence which 
is in accordance with the literature [12]. 
Setting time of all cement pastes is shown in Figure 4.3 and Figure 4.4. In cement-based materials, setting 
is known as stiffening without significant development of compressive strength, which usually occurs 
within few hours [13]. The FA-30 paste showed the highest initial (355 minutes) and final (407 minutes) 
setting time, even higher than the CM reference paste (288 minutes for initial and 381 minutes for final 
setting time), and it is due to a slow rate chemical reaction of FA at low ambient temperature[14], [15]. 
S-40 showed the shortest initial setting time of 274 minutes and the final setting time (339 minutes) 
within the same range of G-40 (337 minutes). 
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Both initial and final setting time slightly decreased with an increase of GP content per weight, however 
the difference between G-20 and G - 40 is insignificant (for initial setting they were 11 minutes apart 
while for the final setting they were 8 minutes apart). In another studies, it was also reported that GP did 
not have a high impact on initial and final setting time, and gave similar values as for 100 % CM [16],[17]. 
Assuming that the surface area of GP and S is higher than of FA, due to finer particle size distribution 
and angular particle shape, the glass composition of S (lower in silica, less polymerized than FA glass) 
and the higher amorphous phase in GP and S when compared to FA, Chapter 3, Figure 3.2, it is expected 
that when dissolution takes place the GP and S will be more reactive than FA. In addition, the presence 
of amorphous (more soluble) silica in GP and S affects the reaction kinetics, and consequently, the 
apparent viscosity of the fresh pastes with more GP and S is observed to be higher than that of paste 
which contains FA, leading to shorter setting time of GP and S rich pastes [18]. The fine particle size 
distribution and high specific surface area of GP and S such as in pastes G-40 and S-40, accelerate the 
dissolution of GP and S particles at high alkalinity, by promoting a precipitation of reaction products, 
which have the ‘thickening’ effects on the pastes. Hence, the apparent viscosity increases and the fresh 
grouts become more viscous [19].This promotes strength growth at early ages as it will be demonstrated 
in Chapter 5, Section 5.5. The effect of GP content on the initial setting time of the pastes (w/c=0.4) will 
be further examined in Chapter 8 by studying the rate of heat of hydration.  
 
Table 4.1. Fresh properties of all concretes 
Fresh concrete 
properties 
CM G20 FA30 G30 S40 G40 
Slump, in. 
(mm) 
4.5 (115) 4 (100) 4 (100) 4 (100) 4.5 (115) 4 (100)  
Air content, % 5.9 5.2 5.6 5.2 6.2 5.8  
Temperature, 
°F (°C) 





Table 4.2. Initial and final setting time of cement based pastes (in minutes) 
 
CM FA30 G20 G30 G40 S40 
Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 
288 381 355 407 288 349 278 349 277 337 274 339 
 
  

































Figure 4.4. Initial and final setting time in minutes 
4.4. Conclusions 
 
In this chapter, the microstructure evaluations of fresh concrete properties were discussed, including 
slump, air content and setting time. The following conclusions are given: 
1. Based on specifications for sidewalk construction, all concrete mixtures had to achieve the same 
slump of 4+/-1 in (100+/-25.4 mm), and air content of 6+/-1%. All mixture designs had the same 
water to cementitious w/c ratio of 0.4. During the mixing of concrete in the laboratory, adding 
more GP slightly decreased the flow-ability of fresh concrete. Concrete mixture with S also 
showed slightly decreased workability than concrete mixture with FA. 
2. Workability of concrete mixtures with GP is related to geometry, smoothness and surface area of 
the GP particles, consequently, the workability decreases for GP rich pastes and S-40. In cement 
based materials, besides the water content, particle shape plays a significant role on workability. 





























































concrete with FA was the most workable due to its spherical particle shape, glassy surface, and 
packing density that enabled sliding of the particles.  
3. Both initial and final setting time slightly decreased with an increase of GP content per weight, 
however the difference between G- 20, and G - 40 is insignificant (for initial setting they were 11 
minutes apart, while for final setting they were 8 minutes apart). The presence of amorphous 
(more soluble) silica in GP and S affects the reaction kinetics, and consequently, the apparent 
viscosity of the fresh pastes with more GP and S is observed to be higher than that of paste which 
contains FA, leading to shorter setting time for GP and S rich pastes. The time span between 
initial and final setting for 100 % cement paste was ~90 minutes, while for all other cement pastes 
with SCMs was significantly reduced to ~60 minutes (~ 33% reduction). However the time 
difference between initial and final setting for all concretes with GP remained about constant 
(~60 minutes), while for S-40 was slightly higher (65 minutes), and for FA-30 slightly lower (~50 
minutes). This information is important for the construction industry, to ensure enough time for 
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OF HARDENED CONCRETE  
 
 
This chapter describes mechanical properties of hardened concrete such as compressive strength and 
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The mechanical properties of concrete are essential in order to estimate the strength and stiffness of 
mixtures and structures.  This phase of the research served as a milestone for further studies, because it 
showed that concrete with GP replacement between 20% and 40 % is capable of achieving comparable 
or higher performance as concretes with other SCMs (such as FA and S). Tests in this chapter were 
performed in accordance with ASTM standard specifications. Mix designs for six test mixtures are given 
in detail in Chapter 3. Testing methods for strength and stiffness evaluations included compression, 
splitting tensile, flexure (four point bending), static modulus of elasticity, and dynamic modulus of 
elasticity, and the results are discussed in this chapter. The concept and importance of a maturity method 
is introduced here, however results from the field projects are summarized in Chapter 9. 
 
5.2. Compressive strength and maturity method 
5.2.1. Compressive strength 
The compressive strength (𝑓𝑓𝑐𝑐′) is one of the most important properties of hardened concrete for the 
evaluation of concrete mix designs. Current DDC specifications require 28-day strength of 3200 psi (22 
MPa) for sidewalks which is easily achievable, particularly when adding SCMs. The compressive 
strength tests were conducted at ages of 3, 7, 14, 28, 56 and 90 days for concretes with 3 GP percentages 
and CM, FA-30, and S-40. This is important because the early age strength can guide the contractor on 
finishing and curing, while the later strength is a measure of long-term performance. All of these tests 
were conducted using an INSTRON hydraulic machine at a constant load rate of 35 psi/s (0.25 MPa/s). 







This method is found to be useful in field applications due to its capability of predicting compressive 
strength at any time without collecting additional samples. Firstly, it requires a development of maturity 
curves (maturity functions) in the laboratory conditions for the same mixture designs applied in the field. 
A maturity function is a mathematical expression that uses recorded temperature of concrete during the 
curing period in order to calculate the index that is an indicator of maturity at the end of that period. In 
this research, sensors were embedded in cylinders 6x12 in (150 x 305 mm) to measure the temperature-
time profile of the mixtures, and the maturity index was calculated using temperature-time factor maturity 
function: 
𝑀𝑀(𝑡𝑡) = �(𝑇𝑇𝑎𝑎 − 𝑇𝑇0) ∗ ∆𝑡𝑡 
Where M(t) is maturity index or the temperature-time factor at age t, °C-days or  °C-hours, Ta = average 
concrete temperature during a time interval, To = datum temperature, and Δt = a time interval, (days or 
hours). The temperature is expressed in °C (ASTM C 1074) [2].  
 For compressive strength, samples were tested for all six mixtures at 3, 7, 14, 28, 56, and 90 days, and 
correspondingly the maturity indexes were evaluated for up to 90 days, and then the maturity curves were 
developed. This information was helpful later when the same mixtures with 20% and 40% GP were used 
in the field for a sidewalk project (Chapter 9), where their maturity index data were obtained from 
embedded sensors in cylinder specimens produced in the field and transported to the lab within 48 hours 
for curing in a moist room for up to 90 days. Correspondingly for complementary compressive strengths, 
cylinder samples from the field were tested at 7, 14, 28, 56, and 90 days, to produce the corresponding 
maturity curve for each mix. Maturity Indexes were also obtained from cylinder samples left at the 
construction site and exposed to ambient conditions, in order to check the field performance of the mixes. 
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A development of the maturity curve and compressive strength prediction is illustrated in Figure 5.1 and 
Figure 5.2. The results for maturity tests are described in Chapter 9. 
 
Figure 5.1 Illustration of Maturity curves development in the laboratory 
 
Figure 5.2 Illustration of field setup and data reading and strength prediction 
 
5.3. Splitting tensile strength and Flexural strength 
5.3.1. Splitting tensile strength 
 
The splitting tensile test is an indirect method of measuring the tensile strength in concrete. The 
concentrated load produces tensile stresses on the plane containing the applied load but also relatively 
high compressive stresses in the area around the applied load [4]. Splitting tensile strength is used in the 
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design of structural lightweight concrete members to evaluate the shear resistance provided by concrete 
and to determine the development length of reinforcement.  Measuring the split tensile strength helps to 
define the manifestation of concrete cracking, since the cracks open when the internal strains in concrete 
overcome its tensile strength capacity [5]. Splitting tensile tests were conducted on 4x8 in (100 x 200 
mm) cylinders at 14, 28, and 56 days using an INSTRON compression machine (Figure 5.3). 
  
Figure 5.3 Splitting tensile test  
 
The flexural strength test method besides inducing flexural stress can actually serve to evaluate tensile 
strength, since the test specimen is unreinforced and collapses due to critical tensile stress at the bottom. 
Most studies show that flexural-strength is generally greater than the indirect splitting-tensile-strength. 
There are various factors for this discrepancy including specimen geometry, loading, and state of internal 
stresses in the test samples. Flexural strength was measured by four-point bending method as an average 
of three beams per mixture design (with dimensions 6x 6x22 in or 150x150x560 mm) at 14, 28, and 56 
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days. An INSTRON machine was used for the test in accordance with ASTM  C78 standard [3]. The four 
point bending fixture was specifically designed for this test (Figure 5.4). 
  
Figure 5.4 Four point bending (flexural strength test) 
5.4. Modulus of elasticity 
 
The static and dynamic modulus of elasticity tests evaluate the stiffness of the material. This property 
can be used to determine the cracking tendency of concrete, particularly cracking at early ages due to 
shrinkage. The cracking potential of concrete is influenced by material properties such as tensile strength, 
modulus of elasticity, fracture energy, free shrinkage, creep, but also by structural properties such as 
degree of restraining effect on a member. The values for dynamic modulus of elasticity are expected to 
be higher than those for static modulus of elasticity. There are several reasons for this difference, such 
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as different type of load applied –quasi static vs. dynamic-, different shape and geometry of the test 
specimens, and moisture content during testing [6], [7]. 
 
5.4.1. Static modulus of elasticity 
 
 
Modulus of elasticity (Ec) is defined as a ratio of stress to strain in the elastic range. Three cylinder 
specimens were evaluated in compression at 7, 28, 56, and 90 days. To obtain Ec each sample was loaded 
and unloaded 3 times for up to 40% of 𝑓𝑓𝑐𝑐′ according to ASTM C469  standard [8].The static modulus of 
elasticity test was conducted to evaluate the stiffness of the material, which is an important property 
because engineers usually use this value in the structural design process. 
 
5.4.2. Dynamic modulus of elasticity 
 
Dynamic modulus of elasticity was conducted on 3x4 x16 in (75 x 100 x 405 mm) beams, initially at 14 
days and every 7 days after that.  The concretes were cured for 14 days, and when they were taken out 
of the curing room they were immediately checked for their initial weight. The beam specimens for all 
six mixtures (3 per mixture), were tested for an initial dynamic modulus of elasticity obtained by the 
force-resonance-method of longitudinal frequency mode as per ASTM C215 [6]. This test method can 
be used for evaluating Ed of specimens that are exposed to weathering conditions. Specimens were 
supported in a way that they could vibrate freely along their longitudinal axis. The driving force is parallel 
to the longitudinal axis, and the pickup unit is perpendicular to it (See Figure 5.5). After every 36 freezing 
and thawing cycles the concrete beams were taken out of the environmental chamber and checked for 
mass loss and dynamic modulus. The Ed was calculated as: 
𝐸𝐸𝑑𝑑 = 𝐷𝐷 ∗ 𝑀𝑀 ∗ (n’)2 
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Where, D=4*(l/b*t) m-1 for prisms, M is mass of a specimen in kg, and n’ is fundamental frequency in 
Hz. (l, b, and t are length, width and thickness of the specimen). 
 
Figure 5.5 Illustration of forced resonance method- longitudinal frequency mode 
 
5.5. Discussion of results 
Compressive strength 
The compressive strength results for the six mixes are shown in Figure 5.6. At 7 days, the control cement 
mix (CM) reached the highest value 5520 psi (~38 MPa), due to its strong cementitious behavior, 
followed by 4730 psi (~33 MPa) for slag (S40), which is known to achieve early high strength due to its 
latent hydraulic behavior and cementitious content [9], [10]. Both FA30 and G30 reached about the same 
strength of 4060 and 4170 psi (~28 and 29 MPa), respectively. For the three mixtures with glass, the 
strengths in descending order were 4590 psi (~32 MPa) for G20, 4170 psi (~29 MPa) for G30, and 3860 
psi (~27 MPa) for G40. The early strength is driven by the cementitious chemical hydration of the mix, 
with highest strength corresponding to higher cement content. At 28 days, similar trends as for 7 days 
were observed, but S40 achieved the highest strength due to its strong beneficial hydraulic reaction and 
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secondary pozzolanic content contributing to C-S-H gel formation [9]. Because of the development of 
pozzolanic reactions, the glass G30 mix achieved a slightly higher value of 6040 psi (~42 MPa) than the 
comparable FA30 mix of 5450 psi (~38 MPa). The three glass mixes showed similar behavior as at 7 
days with descending strengths of 6450 psi(~45 MPa) for G20, 6040 psi (~42 MPa) for G30, and 5820 
psi (~40 MPa) for G40.  
At 56 days, both CM and S40 reached about the same strength of 7540 psi (~52 MPa). As for 28 days, 
the mix G30 showed higher strength than FA30. In contrast to performance at 28 days, the glass mixes 
at 56 days showed a reversed increase in strength, with higher values as the Glass pozzolan content 
increased, from 6980 psi (~48MPa) for G20, to 7260 psi (~50 MPa) for G30, to 7610 psi (~53 MPa) for 
G40, which is due to their enhanced pozzolanic reactions. At 90 days, the values for CM and S40 were 
about the same at 7880 psi (~54 MPa), and the gains in strength from 56 days were relatively small. The 
value for G30 of 7950 psi (~55 MPa) was slightly higher than for FA30 at 7620 psi (~53 MPa), but with 
comparable results. Interestingly, at 90 days all three mixes with glass achieved similar strengths of about 
7980-8120 psi (55-56 MPa). It seemed that with time significant gains in strength can be achieved for 
mixes with higher glass pozzolanic content. From 7 to 90 days, the strength gains were 75% for G20, 
90% for G30, and 110% for G40. For practical purposes all six mixes achieved nearly the same level of 
strengths at 90 days, but as expected the mixes with higher cement content, CM and S40, developed 
higher early strengths, while the mix with highest glass content, G40, reached a compressive strength 
value at 90 days and possibly continued to gain strength with time due to its relatively higher pozzolanic 
reactivity [5], [11], [12]. However, besides strength, the mixes with higher GP content can provide better 




Figure 5.6 Compressive strength of six concrete mixtures 
 
Splitting tensile strength 
The splitting tensile test is an indirect method for evaluating the tensile strength of concrete. This is a 
convenient test by using the same cylinder specimen as for compressive strength but with an applied line-
load along the length of the cylinder. The concentrated load induces tensile stresses through the mid-
plane surface but also relatively high compressive stresses, leading generally to lower strength values 
than those obtained from flexure tests. The cylinder specimens were tested at 14, 28, and 56 days, 
according to ASTM C496 [4]. The results for splitting tensile strength (fs) are shown in Figure 5.7. As is 
generally expected, it can be observed that the results follow a similar trend as those for compressive 
strength, (fc) (see Figure 5.8., for 28 and 56 days). The values for G30 were higher than for FA30 by 
about 2 to 20%. The mix for S40 had the highest values, followed by G40 with strengths about 10% 
below those for S40. The strengths for the mixes with glass were higher for G40, followed by G20 and 
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versus Splitting tensile strength, fc / fs, for all six mixes was ~10.8, with a range from ~ 12.3 for CM to ~ 
10.0 for G40. 
 
Figure 5.7. Splitting tensile strength for six concrete mixtures 
 






















































Flexural strength  
The flexure test method induces bending stress and can serve to evaluate tensile strength, since the beam 
specimen is unreinforced and collapses due to critical tensile stress at the bottom surface of the specimen. 
The prism specimens were tested under 4-point bending at 14, 28, and 56 days, as per ASTM C78 [3], 
and the results are summarized in Figure 5.9. In this case also, the results for flexural strengths, ff, follow 
a similar trend as those for compressive strengths. The observations for the results obtained are generally 
the same as for those stated above for the Splitting tensile strengths. Unfortunately due to equipment 
malfunction, the values for G40 at 14 days and S40 at 28 days are not available, and therefore it is not 
possible to compare the performance of these two mixes, except at 56 days with G40 about 15% higher 
than S40. The values for the glass mixes in descending order corresponded to G40, G20, and G30, but 
the differences at each age were relatively small (<8.5%). The average overall ratio of compressive 
strength versus splitting tensile strength, fc / ff, for all six mixes was ~7.3, with a range from ~ 7.8 for CM 
to ~ 6.5 for G40.  This ratio is lower than the value for splitting tensile strength, since the flexural 
strengths are higher than the Splitting tensile strengths. There are various factors for this difference 
including specimen geometry, loading, and state of induced internal stress in the sample. In this study 
the overall average ratio of flexural strength versus splitting tensile strength is ff / fs, is ~1.5 (Table 5.1.), 





Figure 5.9 Flexural strength of six concrete mixtures 
 
Table 5.1. Ratio of flexural strength to splitting tensile strength 
Days 
ff / fs 
CM G-20 FA-30 G - 30 S - 40 G - 40 
14 1.6 1.4 1.6 1.5 1.5 NA 
25 1.6 1.5 1.4 1.5 NA 1.5 
56 1.5 1.6 1.4 1.6 1.3 1.6 
 
Static modulus of elasticity 
The modulus of elasticity for the six mixes tested are shown in Figure 5.10. The specimens were tested 
at the same time intervals of 7, 28, 56, and 90 days as for the compressive strength evaluations. The 
stiffness development with time followed a similar trend as for compressive strength (see Figure 5.4.), 
with moduli values for each mix approximately following their corresponding strength values. For 
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Similarly, the value for G30 of 5480 ksi (37.8 GPa) was about 4% higher that of FA30 with 5250 ksi 
(36.2 GPa)). As for the glass concretes, the highest modulus was for G20, followed by G30 and G40, 
with values within 3-4%. At 90 days, the moduli for all 5 mixes containing SCM, including FA30 and 
S40, were within a close range of 5820 ksi (40.1 GPa) for G20 to 5890 ksi (40.6 GPa) for S40; while the 
stiffness for CM was 5730 ksi (39.5 GPa). 
According to ACI 318 [14], the compressive modulus can be estimated as, Ec = (57000)�𝑓𝑓𝑐𝑐′ (psi), or Ec 
= (4700)�𝑓𝑓𝑐𝑐′ (MPa), and it is stated that the measured value can be typically from 120 to 80% of the 
computed value by this equation. In this study the values at 28 days were 116% higher for the dominant 
cementitious mixes, CM and S40, and ~123% higher for the remaining four mixes, G20/30/40 and FA30. 
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Dynamic modulus  
After every 36 FT cycles ( 6 cycles a day), beams were tested for dynamic modulus of elasticity and the 
results are presented in Figure 5.11. Initial Ed for CM concrete was 46.3 GPa. The lowest value was 
measured for G-40 (42. 9 GPa) and the highest value was for G-20 (47.7 GPa). The rest of the concretes 
S-40, G-30, and FA-30 were in between this range, (45.1, 45.8, 46.4 GPa respectively). All concretes 
with GP and with S showed slight linear dicrease in dynmyc modulus, while CM and FA-30 concretes 
had rather stipper decrease in Ed values. The G-40, S-40 and G-30 had 5.7%, 6.1% and 6.6% decreases 
after 1000 cycles, while the G-20, FA-30 and CM had slightly higher decreases, however not significant 
(7.9%, 9.2% and 10.3% respectivly). In Figure 5.12, values of Ed at 28 days are compared with values of 
static modulus of elasticity (Es), and their ratios are given. The ratio of static modulus to dynamic 
modulus (Es/Ed) is in the range of 80% to 88% (e.g., Es=0.8Ed for G-20, and Es=0.88Ed for G-40). The 
values for dynamic modulus of elasticity are expected to be higher than those for static modulus of 
elasticity. There are several reasons for this difference, such as different type of load applied (quasi-static 
vs. dynamic), different shape and geometry of the test specimens, and moisture content during testing 




Figure 5.11 Dynamic modulus of elasticity as a function of number of freeze-thaw cycles 
 
 
𝐸𝐸𝑠𝑠 = 0.83 ∗ 𝐸𝐸𝑑𝑑    CM-100 % 
𝐸𝐸𝑠𝑠 = 0.88 ∗ 𝐸𝐸𝑑𝑑     S-40 % 
𝐸𝐸𝑠𝑠 = 0.86 ∗ 𝐸𝐸𝑑𝑑     G- 40 % 
𝐸𝐸𝑠𝑠 = 0.80 ∗ 𝐸𝐸𝑑𝑑     FA- 30 % 
𝐸𝐸𝑠𝑠 = 0.83 ∗ 𝐸𝐸𝑑𝑑    G-30 % 








In this chapter, the macrostructure evaluations of six mixes were discussed, including compressive and 

















































1. Due to their strong cementitious behavior, the CM and S40 mixes reached higher early 
compressive strengths.  The G30 and FA30 mixes developed comparable strengths for up to 90 
days. Among the three mixes with Glass pozzolan, the mix with lesser glass content, G20, reached 
higher early strength up to 28 days, but due to higher pozzolanic reactivity both G30 and G40 
showed higher strengths at 56 days, and all three reached comparable values at 90 days.  
2. The splitting -tensile (fs) and flexural (ff) strengths followed similar results as those for 
compressive strength (fc), with average ratios of (fc/fs) =7.3 and (fc/ff) = 10.3. Thus, flexural 
strength was about 1.5 times higher than splitting tensile strength. 
3. The static modulus of elasticity of the six mixes showed a similar trend as their corresponding 
compressive strengths. In relation to the ACI equation to estimate stiffness as a function of 
compressive strength, the values for the three GP mixes were 123% and 115% higher at 28 and 
90 days, respectively. 
4. Although the samples were simultaneously tested for dynamic modulus and freeze-thaw resistance 
(see Chapter 6), the decrease in dynamic modulus after 1000 freeze-thaw cycles for all concretes 
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DURABILITY PROPERTIES OF 




This chapter describes durability properties of hardened concrete evaluated for freeze-thaw resistance, 















































Improvement of durability properties of concrete material deserves special attention in order to extend 
the service life of structures. Durability can be defined as an ability of a structure to sustain weathering 
conditions, chemical attack and abrasion while maintaining desired engineering properties depending on 
the application. Concrete structures are expected to sustain mechanical loads as well as environmental 
degradation effects. Low-temperature weather conditions can be harmful for porous brittle materials such 
as concrete, however when concrete structures are subjected to repetitive freezing and thawing (FT) 
cycles, they can deteriorate and lose stiffness and strength. Freezing and thawing resistance is an essential 
durability property of concrete in cold weather environments. The water starts to freeze in capillary pores 
at temperatures well below a freezing point. When water turns into a solid state, the volume of ice is 
greater than the volume of the pore water and induces an expansion for about 9%. Considering freeze-
thaw phenomenon, the most important factor in air void properties is their interconnectivity. In normal 
concrete the capillary pores (usually between 5 nm and 1 mm) are responsible for creating a network of 
voids. Capillary forces in such small volumes are very important in order to allow the water transport 
inside the paste matrix [1]. One of the severe types of deterioration in concrete structures is associated 
with the volume expansion of concrete caused by freezing and thawing [2]. This volume expansion 
results in the pressure build-up inside the pores if not accommodated with sufficient pore space in the 
matrix [3]. If the pressure exceeds the tensile strength of the cement paste at any point it will lead to local 
cracking, hence the strength of concrete decreases after FT cycles [4]. The deleterious effect of this 
hydraulic pressure depends on the permeability of the cement paste, the degree of saturation, the distance 
of the nearest unfilled void and the rate of freezing [5].  
Concrete is generally resistant to the environments and chemicals. However, sometimes concrete is 
exposed to substances (such as sulfates or chlorides from seawater, soil or wastewater) that can cause the 
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deterioration of material and consequently corrosion of the steel reinforcement. Hence concretes in such 
harsh environments require a lower permeability in order to resist the chloride or sulfate attack. For 
instance, concrete structures exposed to seawater are most vulnerable in the tidal or splash zone where 
the wetting and drying cycles and/or freezing and thawing cycles are repeated. In reinforced concrete, 
the cement paste creates a passive protective thin oxide film around an embedded steel due to its highly 
alkaline nature (pH is greater than 12.5). Once the persistence of chlorides destroys the oxide layer, and 
the chloride corrosion threshold is reached, an electrochemical current is created between the steel bars, 
and the corrosion process starts [6]. Permeability of concrete can be reduced in couple of ways, by 
lowering the water to cementitious (w/c) ratio to 0.4 or less, and/or adding SCMs (silica fume, FA, GGBS 
and GP in this case). 
Drying shrinkage is defined as the contracting of a hardened concrete mixture due to the loss of capillary 
water over time without applied loads. The volume change in concrete is very important to the engineer 
in the design of a structure. Drying shrinkage increases with the age of concrete, and volume of cement 
replacement and rate of increase in these strains is observed to be lower in concretes with SCMs than in 
plain concrete [7]. 
6.2. Freeze-Thaw cycles  
 
The testing method followed the standard procedure from ASTM C666 [8]. After the initial weight and 
dynamic modulus of elasticity measurements (Chapter 5, Section 5.4.2 and 5.5.), samples were placed in 
the stainless steel trays surrounded by water up to 3 mm and placed in the environmental chamber for 36 
cycles at once (1000 cycles in total). One cycle lasted 4 hours, where the relative humidity is constantly 
maintained to 50% and the temperature varies between +4 0C and -18 0C. As it is shown in the Figure 
6.1., the temperature goes from +4 °C to -18 °C within the first hour. At the second hour the temperature 
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stays at -18 °C. In the third hour, the temperature rises from -18 °C to +4 °C, and at the fourth hour the 
temperature remains at + 4 °C. The level of frost damage was quantified by the relative dynamic modulus 
of elasticity, calculated from ultrasonic measurements, and by durability factor. The beams were visually 
observed for any scaling effects and cracks or fissures. 
 
Figure 6.1. One freeze-thaw cycle 
 
6.3. Rapid chloride permeability (RCP) test 
 
The resistance of mortar or concrete to chloride penetration is one of the most important issues regarding 
the durability of concrete structures. Rapid Chloride Permeability (RCP) test method measures the 
electrical conductance of concrete to provide a rapid indication of its resistance to the penetration of 
chloride ions [9]. In most cases the electrical conductance results have shown good correlation with 
chloride ponding tests that require longer testing time. This indirect one-dimensional diffusivity method 
by induced current is widely accepted in industry. The test result is measured in Coulombs, and generally, 























about 56 days after placement. After 28 days of curing, cylinders 4x8 inches (100 x 200 mm) were cut 
into four cylinders sections of 4x2 inches (100 x 50 mm) with a table saw. The two inner cylinders were 
used for testing. First, they were surface dried for about 1 hour, and then the circumference of cylinders 
was coated with fast setting epoxy. Samples were vacuum dried in a vacuum desiccator for 3 hours with 
pressure maintained just below 50 mm Hg (6650 Pa). Concrete samples were immersed in deionized 
water while the vacuum pump was still running for an additional hour. After that, samples were removed 
from the desiccator and they were immersed in deionized water for 18 +/-2 hrs. After that, samples were 
mounted in a two-cell chamber. One side of the sample was exposed to 3% NaCl (sodium chloride) 
solution and attached to the negative terminal power supply, and the other side was exposed to NaOH 
(sodium hydroxide) 0.3N solution (0.3 equivalents per liter, where 0.1N requires 4 grs. Of NaOH per 
liter of water) and attached to the positive power supply as shown in Figure 6.2. The temperatures of the 
system (specimen, applied cell voltage, and solutions) were between 20 to 25 °C during the entire test 
period for all samples. The test lasts 6 hr. and the equipment is automated, recoding readings every 30 
minutes (current in Amperes versus time in seconds) during the test, and integrating the area under the 
curve in order to obtain the charge passed during the 6 hr. time period. The total charge passed is a 
measure of the electrical conductance of the concrete during the test. Concrete samples were tested at 28, 
56 and 90 days. The most important data is actually at 90 days which could be correlated with a long 





Figure 6.2. Rapid chloride permeability (RCP) test 
 
6.4. Drying shrinkage 
 
 The length change measurement allows assessment of the potential for volumetric expansion or 
contraction of mortar or concrete due to various causes other than applied force or temperature change. 
This test method is specifically useful for comparative evaluation of drying shrinkage for different 
hydraulic cement mortar or concrete mixtures [10]. Samples were 3 beams (4x 4x11 ¼ in or 100x100x285 
mm) per concrete mixture, and they were  prepared according to ASTM C192 [11]. Concrete was poured 
in the steel molds in two layers and every layer was compacted with a steel rod, then it was vibrated for 
5 seconds. A metal stud was carefully placed at each end of the bar. After 24 hours of curing at an 
environmental chamber, the specimens were demolded and returned back into the same conditions with 
temperature of 23+/-2 0C and relative humidity of 95% to 100%. The onset of drying after one day was 
selected to measure early shrinkage values. A digital length comparator was used to measure the length 
change of the prisms as it is shown in Figure 6.3. Directly after demolding, the specimens were measured 
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to obtain the initial value. After this, the readings were taken at 4 days and 7 days, and after that every 
week up to 90 days. The average value of 3 samples was used as the free shrinkage strain of the specimen. 
The length change was calculated as per following equation: 
∆𝐿𝐿𝑥𝑥 =
𝐶𝐶𝐶𝐶𝐷𝐷 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐷𝐷
𝐺𝐺
∗ 100 
Where ∆𝐿𝐿𝑥𝑥is change in length at a time of measurement, initial CRD is the initial length of the sample 
measured after 24 hr. after casting (or a difference between the comparator reading of the specimen and 
the reference bar at 24 hr.), G is the difference between the comparator reading of the specimen and the 
reference bar at any age, the gage length (10 in. [250 mm]). 
 
Figure 6.3. Apparatus for measuring drying shrinkage 
 
6.5. Discussion of results 
Freeze-thaw resistance  
In Figure 6.5, the results of relative dynamic modulus of concretes for CM, G-20, FA-30, G-30, S-40, 
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and G-40 are presented. From the graph, it can be seen that all concretes showed high resistance to 
freezing and thawing since their relative dynamic modulus is in the range of 89.7% to 94.3% of the initial 
values, which is significantly higher than a suggested minimum value of 60% for concretes to be FT 
resistant [8]. The highest FT resistance was recorded for S-40 and G-40, they showed nearly equal 
relative dynamic modulus at the end (93.9% and 94.3% respectively). In Table 6.1, the durability factor 
and mass loss are presented. Except for CM, (0.897), the durability factor was above 0.9 for the rest of 
the mixtures. Mass loss was less than 1 % for all the mixtures with GP and S, while the mass loss for FA 
exceeded slightly 1%, and for CM was 1.6%. The specimens were visually observed for surface damage, 
such as cracks, aggregate pop outs, flaking and corner chipping [12]. There were no visible cracks, and 
there was some scaling and corner chipping of CM, FA-30 and G-20 that is shown in Figure 6.4.  
 
Table 3.1 Durability properties 
 
CM G-20 FA-30 G-30 S-40 G-40 
Durability factor  0.897 0.920 0.909 0.934 0.939 0.943 
Mass Loss % 1.580 0.750 1.010 0.600 0.560 0.520 
 
 





Figure 6.5. Relative Dynamic Modulus after Freeze-Thaw Cycling 
 
Rapid chloride permeability (RCP)\ 
The (RCP) test method consists of measuring the amount of electrical current that passes through the 
specimens within a 6-hour time. The total charge passed is related to the resistance of the specimen to 
chloride ion penetration. The test results depend on the type of concrete, the curing procedure, and 
duration of curing, and therefore most concretes if properly cured become progressively and significantly 
less permeable with time. It is important when this method is used to clearly specify the curing procedure 
and the age at time of testing [9]. The resistance of mortar or concrete to chloride penetration is one of 
the most important issues regarding the durability of concrete structures. It is generally accepted that the 
addition of pozzolanic SCM materials improves the resistance to chloride penetration and reduces the 



























Relative Dynamic Modulus of Elasticity 









with fly ash, slag and silica fume concluded that the low permeability they obtained  for concretes with 
mineral admixtures may be attributed to transformation of large pores to fine pores or pore refinement 
[14]. 





> 4000 High 
2000 - 4000 Moderate 
1000 - 2000 Low 
100 - 1000 Very Low 
< 100 Negligible 
 
Table 6.3. Obtained RCP values according to ASTM C1202 
Mix 
Designs 
RCP in Coulombs 
28 days 56 days  90 days 
CM 2027 1955 1617 
S-40 1471 1233 1100 
G-40 670 382 282 
FA-30 1486 915 500 
G-30 1002 533 436 





Figure 6.6. Rapid chloride permeability (RCP) test obtained according to ASTM C1202 
 
The cement control mix labeled as CM had the highest permeability values (Coulombs) at all times. It is 
noted in Figure 6.6 that among all mixes having mineral admixtures such as Slag, Fly ash and GP, in 
general the lowest permeability was achieved with 40% GP and the highest with 40 % S. The notable 
improvements in resistance to chloride infiltration are brought about by the partial blocking of pores in 
hydrated cement paste with the products of pozzolanic reactions of post-consumer ground glass [15], 
[16]. The reason that Slag had generally the highest values at all times is because of the mostly 
cementitious content of the material, while the Fly Ash and GP are materials that are more pozzolanic. 
At the age of 90 days, the Slag tested at about 1100 Coulombs, which is still considered low as per 
standard (see Table 6.2), while G-40 showed outstanding results with less than 300 Coulombs (almost 4 




The range in shrinkage values (micro strains) at 90 days, is between 170 for G-40 and 240 for CM. This 
is possible due to curing conditions, and all concretes performed well with minimum shrinkage. All 
concretes with GP showed smaller drying shrinkage than the reference after 90 days, which is in 
accordance with other studies [17]. In Figure 6.7, the 3 GP mixes showed values within a narrow band, 
and between 170 to 190 micro-strains at 90 days. In contrast the CM, FA, and S showed values between 
210 and 240 micro-strains. The GP, FA and S have lower densities than cement, and that will result in a 
higher volume of binding material. Therefore the extra water that is mainly responsible for the drying 
shrinkage is reduced, and that probably explains the reduced shrinkage in blended concretes. 
Tests for free shrinkage can provide information on how the drying shrinkage stresses develops, although 
they cannot give adequate information on the behavior of concrete structures [18].  The length-change 
testing method using a dial gage (ASTM C157) is not very reliable because of the sensitivity of readings 
and sample placement. Thus, in the future the shrinkage beams should be casted with strain gauges 
embedded in concrete and have the results compared by both methods for better accuracy. 
The free shrinkage itself does not induce any stress, however if the deformations are 
restrained, the force and pressure provided by the restraint can cause stress. Under restraining conditions 
present in concrete structures, such as bridge decks, as shrinkage effect develops, tensile stress is induced, 
and as a result cracking may occur. However, this is a complex process and is the result of the interaction 




Figure 6.7. Free shrinkage obtained after 90 days 
6.6. Conclusions 
 
In this chapter, the evaluation of durability properties as freeze-thaw resistance, rapid chloride 
permeability and drying shrinkage of concretes was discussed. The following conclusions are made: 
1. A durability factor above 90% and mass loss less than 1% for all concretes except for CM (1.6%) 
indicates improved freeze-thaw resistance with higher cement replacements with GP, due to its 
pozzolanic activity, and perhaps consuming more CH for C-S-H formation (see Chapter 8). 
2. When cement is replaced with GP between 20% and 40%, concrete is produced with very low 
chloride permeability, lower than 500 Coulombs at 90 days (which is the value for FA-30) which 
is almost negligible, unlike CM and S-40 with values higher than 1000 Coulombs. The reason for 
these favorable results with GP is further discussed in Chapter 7. 
3. Drying shrinkage of concrete for all mixtures was low due to RH conditions of ~100%. Concretes 
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PART IV  
 



















PORE STRUCTURE OF 
CEMENT PASTES AND AIR-




This chapter describes the importance of pore structure of the matrix comparing results through different 


















7.2.Sample preparation and methods 
 
7.2.1. Materials and sample preparation 
 
7.2.2. Pore structure characterization 
 
7.2.2.1.Mercury intrusion Porosimetry (MIP) 
 
7.2.2.2.Nitrogen (N2) adsorption  
 
7.2.3. Air-void analysis and evaluation of micro-cracks 
 
7.2.3.1. Micro computed tomography (µ - CT scan) 
 




















In order to explain the results for durability and permeability properties (see Chapter 6), it is of great 
benefit to understand the pore structure (pore size distribution, pore connectivity, and porosity). One 
proven method to improve the FT resistance is the addition of air-entraining agents. Regular concrete 
contains about 2 to 3 % of entrapped air as bubbles accidentally formed due to mixing, and they could 
range between 0.3 mm and 5 mm; in contrast entrained air bubbles are intentionally produced, and they 
range from 1 µm to 100 µm [1]. Besides increasing the air void content, it is believed that for freeze-
thaw resistant concrete it is necessary to have a spacing factor smaller than 0.2 mm (200 µm) and specific 
surface greater than 24 mm2/mm3 [2], [3]. Air void analysis is usually performed as conventional method 
ASTM C457. The method requires a tedious preparation of large samples dependent on aggregate size. 
Samples are viewed in 2-D through optical microscope or flatbed scanner [4],[5]. Then standardized 
stereological method is applied (linear traverse method or point counting). X-ray computed tomography 
is found to be a nondestructive method that uses high resolution for characterization of materials in 3-D. 
It does not require a long sample preparation. The limitation of this method is the size of samples that 
can fit into a machine and still accomplish an appropriate resolution in order to observe the air voids 
[6],[7]. 
There is no comprehensive study that explains a correlation of a freeze-thaw resistance of concretes when 
cement is replaced with GP and air-void parameters and pore structure. Therefore, this chapter focuses 
on an investigation of pore structure and air void analysis of concretes with partial cement replacements 
by GP, for three mixes. After macroscopic evaluations were completed, internal micro-cracks evaluations 
and air void analyses were performed by using X-ray micro tomography (CT-scan) in order to correlate 
macro and micro evaluations. The findings in this study provide a better understanding of durability 
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properties of concrete using GP as SCM and allow a step towards practical implementations in cold 
environments. Pore structure (pore size distribution, pore connectivity, and porosity) is very important 
for FT resistance as well as for transport properties (such as chlorides, sulfates or CO2 diffusion), and it 
was examined through different methods and comparisons of results. The pastes can contain capillary 
pores (initially liquid-filled space) and gel pores through which transport properties can diffuse. Through 
physical/chemical reactions of SCMs, the volume of capillary pores is reduced due to formation of new 
reaction products. Hence, capillary pores are refined with time and their size ranges from few nanometers 
to few micrometers. The capillary pores can be connected or disconnected. The gel pores are connected 
formations of gel phases and their size is few nanometers. The characterization of the pore structure is 
essential to identify the transport path in pastes. 
7.2. Sample preparation and methods 
7.2.1. Materials and sample preparation 
Characterization of raw materials and mixtures designs are given in Chapter 3. In Chapter 7 and Chapter 
8, there are two main categories of samples used for the microstructure evaluations.  The first category 
consists of 4 years old concrete beam specimens that were tested for free shrinkage and freeze-thaw 
resistance at the CCNY laboratory, and they were shipped to TU Delft for further testing. The second 
category consists of cement paste samples made with the same proportions and w/c ratio of 0.4 as the 
macro-scale concrete samples. There were two types of pastes, and in both cases raw materials were first 
dry-mixed for 2 minutes in order to homogenize the powders before adding water. The first six pastes 
were prepared in the CCNY lab, mixed by hand and kept sealed in polyethylene vials (with average 55 
mm diameter and 75 mm height) in a curing room at room temperature of 23 ◦C and RH ~100% until the 
day of transporting them to TU Delft (approximately for 50 days). After that they were stored in the 
Microlab at TU Delft at room temperature of 20 ◦C and RH ~ 50%, and they were tested only at age of 
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100 days. The second type of pastes was made at the Microlab of TU Delft under more controlled 
conditions. Six pastes were mixed with the high sheer mixer for 1 minute, followed by 30 seconds of 
break while the walls of the dish were scraped, and mixed at higher speed for another 30 seconds. 
Samples were cast in polyethylene vials (35 mm diameter and 70 mm height), and they were fitted on a 
rotating table for 24 hours to minimize the effects of bleeding and settlement.  After 1 day, they were 
taken out of the molds and left in the curing room at temperature of 23 ◦C and RH ~100% until the day 
of testing. They were tested at the ages of 7, 30 and 53 days. For each method, further sample preparation 
details is described separately in their corresponding sections below. 
7.2.2. Methods 
The selected methods are described to determine the pore structure (pore size distribution, pore 
connectivity, and porosity) and air-void parameters of cementitious matrix with GP. The methods used 
for pore structure were: Mercury intrusion Porosimetry (MIP), and Nitrogen adsorption (N2). Both 
techniques have different capabilities for detecting different pore sizes, MIP can detect smaller pores 
(mostly capillary pores and some gel pores), while N2 adsorption can detect gel pores. For 
characterization of the pore structure two techniques were used, mercury intrusion porosimetry (MIP) 
and Nitrogen adsorption (N2). With MIP, pore size can be determined from few nanometers to hundreds 
of micrometers, while Nitrogen adsorption can only determine the nanometer size pores. The 
combination of the two techniques provides comprehensive assessment of the pore structure since both 
capillary and gel pores are often present in the pastes. 
7.2.2.1. Mercury intrusion Porosimetry (MIP) 
The pore structure properties were obtained with Micrometrics PoreSizer 9500 MIP. With MIP, porous 
samples are introduced into a chamber, the chamber is evacuated and then the sample is surrounded by 
mercury. The pressure on the mercury is gradually increased, and the maximum pressure of this device 
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is 210 MPa, which corresponds to a minimum pore diameter of about 7 nm and it is based on a cylindrical 
pore model. The measurements were carried out in two stages. The first stage was at low-pressure phase: 
from 0 to 0.14 MPa, and the second stage was at high pressure running from 0.14 to 210 MPa, as an end 
of intrusion. With the increase of pressure, mercury is intruded into the pores that are connected to the 
surface of the sample. If the pore system is continuous, a pressure may be achieved at which mercury 
can enter the smallest pore necks of the pore system and penetrate the bulk sample volume. If the pore 
system is not continuous, mercury may penetrate the pore in the sample by breaking through pore walls. 
Then extrusion follows the intrusion when it starts with decreasing the pressure to 0.14 MPa. As 
aforementioned assumption of cylindrical pore shape model, the relationship between applied pressure 
P (MPa) to the mercury and the diameter of pores (D) intruded by mercury can be calculated by using 






Where γ is the surface tension of the mercury (0.485 N/m at 25 C◦), and 𝜃𝜃 is the contact angle between 
mercury and paste (139 ◦). 
The samples from both pastes, sealed (tested at 100 days), and unsealed (tested at 7, 30 and 53 days), 
were sawn in small squares (10x10 mm) and 3 mm of thickness. In order to stop hydration, firstly, 
samples were immersed in isopropanol five times for 1 minute, and in the meantime they were exposed 
to air for drying. Secondly, they were immersed in isopropanol for 24 h and afterwards were placed in a 
fresh isopropanol and kept in it for 7 days. In order to ensure a complete hydration stoppage and to 
remove isopropanol, samples were immersed in easily volatile diethyl ether for 24 hours. Samples were 
dried for 5 minutes in the oven at 40 0C, and after that they were vacuum dried for 1 hour and placed into 
a desiccator until the day of testing [10],[11]. The amount of sample used for the tests was between 1.5 
and 3 g, because of a different porosity and density of cement pastes when different SCMs were added. 
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It should be mentioned that MIP does not have the capability of measuring the total pore volume of the 
paste, which consists of continuous pores, continuous pores with ink bottle neck (mercury cannot get 
extruded from them), isolated pores and small pores with the diameter smaller than 2nm (mercury cannot 
intrude inside), see Figure 7.1 and Figure 7.2. MIP determines the total porosity and effective porosity. 
Total porosity is calculated as total accessible pore volume (interconnected pores) divided by the bulk 
volume of the sample, and effective porosity is defined as a volume of mercury intruded under the 
maximum applied pressure during the second intrusion and divided by the bulk volume of the sample. 
Consequently, ink-bottle porosity can be calculated from subtracting the effective porosity from total 
porosity, and it represents the volume of mercury that remains in the pores after extrusion, Figure 7.1 
and Figure 7.3. [12].  Pore connectivity can be calculated as a ratio of effective porosity to total porosity 
and it is an important parameter that affects transport properties. Another important parameter that could 
be measured through MIP is the critical pore size entry diameter determined mathematically from the 
steepest slope of the cumulative intrusion curve.  It should be noted that critical diameter represents only 
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Figure 7.2. Illustration of capillary pore geometry a) continuous pore, b) continuous ink-bottle pore, c) 




















































   
a) Initial status b) End of intrusion c) End of extrusion 
 
Figure 7.3. Illustration of ink-bottle effect, a) initial status, b) end of intrusion, c) end of extrusion, 
adopted from [12] 
 
7.2.2.2. Nitrogen (N2) adsorption  
 
Nitrogen (N2) adsorption has the capability of detecting small pores in materials that is not possible to 
detect with MIP (from 0.3 nm to 300 nm) [14]. By combining N2 adsorption with MIP it covers the entire 
pore size range. In this study the nitrogen adsorption tests were performed by using Gemini VII 2390, 
with a relative pressure (P/P0) range from 0.05 to 0.999. The relative pressure is defined as equilibrium 
vapor pressure divided by the saturation vapor pressure. Adsorption and desorption isotherms can be 
used to study the gel porosity. Condensation of the adsorbate in pores occurs as a function of the pore 
size. Isotherms are determined experimentally being usually depicted as the amount adsorbed gas (Qi) 
versus the relative pressure (P/P0) of the gas. In this study, tests were conducted only for pastes at 100 
days. N2 adsorption was used to determine the size distribution of pores in the range of few nm and to 
compare the findings with MIP results. Approximately 1 gram of a powder sample was used for the 
analysis. The interpretation of the N2 isotherms is based on mathematical models including the equations 
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of Brunauer-Emmet-Teller (BET) or Barrett-Joyner-Halenda (BJH). The BET theory is based on the 
multilayer adsorption of gas molecules onto the adsorbent. The pore size distributions can be determined 
from the adsorption or desorption curves. It is assumed that all pores are filled with N2 [15] as it is shown 
in Figure 7.4.. 
 
Figure 7.4. Illustration of N2 adsorption and desorption processes on the internal accessible surface 
area of the pastes. Adopted from [16]. 
 
7.2.3. Air-void analysis and evaluation of micro-cracks 
7.2.3.1. Micro computed tomography (micro CT) 
 The investigation of micro-cracks induced by FT was performed with X-ray Micro CT-Scanner (Phoenix 
Nanotom, Boston, MA, USA), with digital GE DXR detector.  One set of samples was used for purpose 
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of evaluating micro-cracks from freezing and thawing.  Cores were drilled from the middle of the beams 
that were exposed to 1000 freeze-thaw cycles. The dimensions of the cylindrical cores were 33 mm in 
diameter and 50 mm hight, and it is shown in the Figure 7.5. The X-ray tube was operated at 130 kV 
voltage and current of 190 µA. There were 2115 images acquired and the special resolution under these 
conditions was 17.5 µm. 
 
Figure 7.5. Freeze-thaw beams used for cylinder extraction for X-ray CT scan (mm) 
 
 
The core samples were examined with a Micro CT-Scanner (Phoenix Nanotom, Boston, MA, USA), with 
digital GE DXR detector, there were 1441 projections (2284 x 2304 pixels). In order to minimize the 
noise, each projection was the resulting average of 4 radiographs with an exposure of 500 ms. After 
calibration of the acquired projections with dark and bright field images, the 3-D reconstruction was 
carried out with the software Phoenix datos|x 2.0.  During the reconstruction, ring, spot and beam 
hardening artifacts were corrected. The set of samples for X ray CT scanner and air-void analysis were 
cores drilled from the beams that did not undergo the freeze-thaw damage, however they were from the 
same batch as the freeze-thaw samples. The core samples were 20 mm in diameter and 23 mm in length, 
(1 per each concrete mix). The voxel resolution was 10 µm, and the voltage and current were 140 kV 
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and 170 µA respectively. The number of reconstructed images per sample was 2300. In order to eliminate 
the noise and irregularities of boundary surfaces, images were cropped after original reconstruction. The 
image analysis was done with open source ImageJ [17], and there were two different approaches applied 
for calculating the air-void content for the sake of comparison of results. First approach was to select 2-
D images equally spaced through the height of a whole 3-D stack, in order to avoid the repetition of the 
air voids in the vertical direction. Quantification of air void parameters as air content, spacing factor, and 
specific surface was obtained by using linear-traverse method as per ASTM C457 and EN 480-11 
[18][19]. It should be mentioned that both norms imply specimens with greater dimensions than the 
specimens used in this study, and the experimental procedure was downsized in order to be able to use 
the same specimens for both approaches. The calculation of above mentioned parameters is based on the 
length of the traverse line which depends on the size of aggregate used in a concrete mixture. The 2-D 
images from the X-ray CT scanner are shown in Figure 7.6 with grey value (GV) from 0 to 256 (8 bit 
image). Based on the assumption that all air voids (gel pore, capillary pore, entrained and entrapped air) 
are not greater than 1 mm, images were taken at 1 mm distance apart along the entire image stack, and 
were cropped into a square section, hence the linear-traverse method could be applied. The images were 
converted into binary images and air voids by applying thresholds. The grid of horizontal lines equally 
distanced from one another was applied on all extracted images (6 lines, about 2 mm apart from each 
other). Before calculating all the air-void parameters, the following assumptions were made and the rules 
were applied to all images: 1. Air voids could be categorized as gel pores, capillary pores, entrained air 
and entrapped air, 2. If the traverse line was intersecting the same void more than once, the closest 
approximation of single length was made, 3.If the air void was too large and consequently  intersected 
by more than 1 traverse lines, only one longest length was considered, and 4. none of the air voids is 
greater than 1 mm in Z direction (vertically), if otherwise, in rare cases, when it happened that the 
entrapped air void was greater than that, the length of the  traverse line was accounted only once, 
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illustrated in Figure 7.6. Spacing factor is defined as a relative distance between the voids that water 
would have to travel before entering the other void and thereby reducing the pressure. A smaller spacing 
factor is desirable for FT resistance. The specific surface is another important parameter and it represents 
the relative number and size of air voids for a given volume of air.  
 
The second approach was by using the entire slice (stack) of 1100 images, converting them into binary 
images and applying a threshold, black value for voids (0 GV), and white for everything else (256 GV). 
The area of voids was calculated as per each 2-D image and they were generated throughout the entire 
height of the image stack (3-D), and this approach is shown in the Figure 7.7. The disadvantage of this 
method is that it provides only the air void content however not the spacing factor and the specific 
surface. The results are compared in a later section.  
 
Figure 7.6. Approach 1 – Downsized linear traversed method (2-D) 
 




7.3. Discussion of results  
Mercury intrusion porosimetry (MIP) 
 
 The total porosity of connected pores including micro, meso and macro pores was determined together 
with effective porosity, ink bottle porosity and pore connectivity. The volume of total porosity was found 
to be the lowest for S-40 (~ 14 %). The CM and FA-30 were measured to have total porosity of 17.82 
and 17.63 % respectively, and S had 13.94%. Cement pastes with GP reported higher total porosity than 
other cement pastes, G-20, G-30 and G-40 with values of 19.10 %, 18.53 %, and 21.29 % respectively. 
In general the addition of GP showed an increase in porosity. The G-20 and G-30 mixes showed about 
the same level of porosity as CM, while G-40 showed an increased porosity of ~20% in relation to CM 
and ~53 % with respect to S-40. The cumulative size distributions are presented in Figure 7.8 and Figure 
7.9.  
The ink-bottle porosity for FA-30 (10.28%), and S-40 (9.81%) was lower than for the reference paste 
CM (11.69%), however pastes G-20, G-30 and G-40 showed slightly higher values of 12.80%, 11.92% 
and 13.92% respectively. Effective porosity for the reference paste (CM) was 6.13%, and slightly higher 
values for FA-30 (7.35%), G-20 (6.3%), G-30 (6.61 %) and G-40 (7.37%). Higher percent replacement 
of cement with GP resulted in higher effective porosity for transport processes. Figure 7.8 shows the 
differential intruded volume (critical pore entry diameter) for above mentioned pastes. From MIP 
differential curve and pore size distribution, for cement pastes (CM), there are two different 
corresponding pore systems [20],[21]. As it is shown in Figure 7.8 and Figure 7.10. the first peak of 
cement pastes has a pore diameter between 0.01 and 0.1 µm that corresponds to a threshold pore diameter 
of a gel pore system, while the second diameter corresponds to a threshold diameter of a capillary pore 
system, and it is between 0.1 and 1 µm [22]. The physical meaning of threshold pore diameter is defined 
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as the maximum diameter where pores with diameter beyond this one are not able to form connected 
path through the sample which is important for the transport properties [23]. It can be noticed that CM 
and G-20 have the same critical pore diameter of 0.0465 µm, while by substituting cement with higher 
percentage of GP than 20 %, critical pore size diameter slightly decreases to 0.0433 µm for G-30 and for 
G-40. The addition of FA and S, also resulted in a decrease of critical pore diameter (0.035 µm and 
0.0433 µm respectively). It was also observed that the pore volume between 10 nm and 100 nm increased 
by adding GP and FA, which may indicate an increased in gel porosity [20]. These results show an 
indication of a refined pore structure and reduced percolation throughout the pore system when more 
percentage of cement is replaced with GP. In [24], [25] although authors reported reduced porosity by 
adding more GP, they also noticed the decrease in critical pore diameter and refined pore structure with 
higher percentage of cement replacement with GP.  It was also observed in this study for all the SCMs 
considered that the bulk density decreased in comparison to the reference CM paste, as presented in Table 
7.1 along with the rest of pore structure properties. The pore connectivity for CM was 34.4%, and pastes 
with GP showed pore connectivity values in the same range (between 33 % and 36 %), while S-40 

















































































Table 7.1. Pore structure properties of pastes at 100 days 
  CM G20 FA30 G30 S40 G40 
Bulk density (%) 1.79 1.66 1.74 1.64 1.73 1.55 
Total Porosity (%) 17.82 19.10 17.63 18.53 13.94 21.29 
Ink-Bottle Porosity (%) 11.69 12.80 10.28 11.92 9.81 13.92 
Effective Porosity (%) 6.13 6.30 7.35 6.61 4.13 7.37 
Pore Connectivity (%) 34.40 33.00 41.69 35.66 29.63 34.63 
 
 
 It should be noted that pastes tested by MIP and N2 adsorption at 100 days were from the same batch, 
and the results are coupled and presented in detailed graphs and tables with comparisons between them. 
Pastes tested by using MIP at 7, 30 and 53 days were from a different batch, and the results are briefly 
summarized, while the rest of the tables can be found in Appendix A. Although the two batches are 
different, results for total porosity of all six cement pastes between 7 and 100 days are summarized 
together in Figure 7.11, and they all follow the same decreasing trend. Total porosity between 7 and 30 
days significantly drops, while the difference between 30 and 53 days is small. Total porosity at 7 days 
is the lowest for CM (25.2%) while it is the highest for G-40 (33.1%). Thus, adding more GP, the total 
porosity and effective porosity for G-40 at 7 days increase in relation to CM by ~8% and 5% respectively, 
while ink-bottle porosity increases by 3.5% at age of 7 days (see Figure 7.11, Figure 7.12 and Figure 
7.13). At the later age porosity reduces due to slower pozzolanic reaction and formation of C-S-H. 
Development of hydration products inside the capillary pores fills in the space and creates more refined 
pore structure (pore size decreases and pore size distribution increases), which is in agreement with a 
review study [26]. FA-30 paste is comparable with all three GP pastes, while S-40 shows the lowest 
porosity at later age. Between 7 and 100 days, CM paste has the smallest decrease in total porosity of 
29.4%, while all GP and FA-30 pastes showed total porosity decrease between 36 % and 41 %, and S-
40 decreased by 51 %. Effective porosity (essential for transport properties) of GP and FA pastes is 
almost the same and slightly higher than the reference CM, while S-40 has the lowest porosity effective 
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for transport phenomena. This contradicts the results for Rapid Chloride Permeability (see Chapter 6, 
Figure 6.5) where all GP concretes and FA-30 show the lowest permeability (below 500 Coulombs) 
while CM and S-40 show permeability above 1000 Coulombs. This indicates that porosity and 
connectivity of the pores are not the only parameters affecting the transport properties. The critical pore 
diameter (CPD) or the entry pore diameter can also affect the transport of the properties [27]. At age of 
7 days, CM had the smallest CPD of 0.045 µm while S-40 showed the highest CPD of 0.08 µm. Although 
pastes with GP showed higher CPD (ranges between 0.057 and 0.07 µm at early age), the entry pore 
diameter for G-30 and G-40 became the smallest (0.029 µm) at 53 days. These results also support the 
presence of mineral admixtures high in Silica (Si), hence the absence of C-S-H at early age and increasing 
of hydration products in later age. At early age, pore connectivity was higher for all blended pastes 
(>45%) than the CM reference (42.6 %) (see Appendix A).Other parameters that can affect the 
permeability are w/c ratio, size of aggregates, and tortuosity of pore channels [28]. Tortuosity (τ) is a 
physical property given as a ratio of effective average path Le of a fluid (or electric) particle to the shortest 
straight path L along the flux. It helps to define transport paths through porous media [31]. There was no 
initial intent to determine tortuosity, however MIP provides Tortuosity factor and Tortuosity values as 
secondary parameters (see Appendix A). The results suggest that tortuosity increases with time and by 
adding SCMs, especially G-40; however to verify the MIP accuracy, in depth study is needed in the 
future. Tortuosity depends on the type of C-S-H and is related to Ca/Si and Al/Si ratios. Typically, there 
is high density C-S-H (inner product) and low density C-S-H (outer product) [32], [33], and the binding 
capacity of chlorides in hydrated cement pastes depends on calcium aluminate, and it affects the transport 






Figure 7.11 Total porosity of all cementitious pastes up to 100 days 
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Figure 7.13 Ink-bottle porosity of all cementitious pastes 
 
 
Table 7.2 Critical pore diameter for all pastes up to 53 days 
Critical pore diameter (µm) 
days CM G20 FA30 G30 S40 G40 
7 0.045 0.070 NA 0.057 0.080 0.070 
30 0.035 0.035 0.043 0.035 - 0.035 
53 0.035 0.035 0.035 0.029 - 0.029 
 
Nitrogen adsorption 
By coupling MIP and N2 adsorption, the entire pore size range is covered. The results are reported in the 
Figure 7.14.  The pores detected by N2 adsorption were in the range from 2 to 152 nm for the reference 
paste CM. From the differential curves it could be noticed that there are two peaks for all pastes, where 
S-40 showed the smallest and barely noticeable peaks (same as from MIP method), whereas G-40 showed 
the highest peaks, first at 53 nm and the second at 82 nm diameter, and this corresponds with the 
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discussion of MIP results). It is observed that G-40 shows the highest volume in gel porosity (connected 
pores), then followed by lesser volumes for G-30 and G-20 respectively. These results suggest that 
increasing the GP content, pores become more refined. These findings showed an overlap of the peaks 
for the critical pore diameters between 10 nm and 100 nm which are in agreement with the results from 
MIP. 
  
Figure 7.14 Pore size distribution (left) and differential curves (right) of six cementitious pastes at 
100 days 
 
Evaluation of micro-cracks 
In Figure 7.15, micrographs for micro cracking analysis at 1000 FT cycles are shown. There were no 
clearly visible cracks. For all concretes, it seems that there is an increased micro porosity in regions of 
interfacial transitional zone (ITZ) around the aggregates, and at the special resolution of 17.5 µm it cannot 
be clearly seen whether there was a micro crack that coalesced due to possible the self-healing of 
concrete. In Figure 8 (b) for G-20 there were some micro cracks, however they could be a result of an 






















































images, as shown in the Figure 9 (c), that FA-30 appears to be the darkest, which is believed to be related 
to the concrete density which in this case is the lowest value among the six concrete mixtures. According 
to the Beer-Lambert law, it is known that the attenuation of the X-ray depends on the density of a material 
(higher density of a material may result in lighter GV images), beam intensity, and thickness of the 
penetrated material [34],[35].  
 
  
a)  CM  b)  G - 20  
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Figure 7.15 Micrographs for micro cracking analysis at 1000 FT cycles 
 
Air void analysis of hardened concrete using X-ray computed tomography 
The starting point for air-void analysis of hardened concrete was the question after the hydration process 
is completed of whether concrete still contains the same amount of entrained air determined from the 
fresh concrete mixtures by air-pressure method. Air-content obtained from fresh concrete was in the 
range of 5.2 to 6.2% and it is presented in Table 7.3.  From Figure 7.16, the micrographs obtained by 
Micro CT–scanner show that concretes with GP and S have smaller and more uniformly dispersed air 
voids than concretes with FA and CM. In Figure 7.17 classification of the air voids is summarized in 29 
classes. It was noted that air voids were scattered within all the classes for CM, while for other concretes 
more than 70% of air voids were up to 200 µm (classes 1 through 13). Except for CM and G-20, the rest 
of concretes showed more than 50% of air voids of up to 100 µm (classes 1 through 8).  Air content was 
highest for S-40 and G-40, as 5.4 % and 4.3 % respectively. The rest of the concretes showed air void 
contents between 2% and 3%.  Spacing factor is reported in Table 7.4 and Figure 7.19, and the value for 
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all concretes was smaller than 0.3 mm, except for CM (0.452 mm). Both S-40 and G-40 had the smallest 
spacing factor of less than 0.2 mm (0.148 mm and 0.192 mm respectively). In regard to specific surface, 
the values were (see Figure 7.20): for CM, 11.88 mm2/mm3; while for S-40, 26.2 mm2/mm3; for G-20 
and FA-30, ~21 mm2/mm3; and for G-30 and G-40, ~24 mm2/mm3. The amount of paste was ~21% for 
all concretes. The downscaled linear traverse (2D) method showed slightly higher air void content than 
the approach based on threshold of an entire stack (3D). However, the results from these two methods 
are very similar, except for G-20.  In comparison to air content of fresh concretes, air void content of 
hardened concrete was significantly lower for all concretes except for S-40 and G-40 (12.9% and 25.8% 
respectively). Comparison of air voids content obtained from different methods is summarized 
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Figure 7.17 Classification of the air voids clasified in 29 classes per the size in µm 
class 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
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Table 4.3 Summary of air void contents obtained with different methods 
% CM G-20 G-30 G-40 S-40 FA-30 
Air voids - traverse method (2D) 2.99 2.34 2.48 4.31 5.40 2.38 
Air voids – threshold (3D) 2.91 1.06 2.21 3.9 4.46 1.76 
Air content – air-pressure 5.9 5.2 5.2 5.8 6.2 5.6 
 
 
Figure 7.18 Comparison of different methods for air void content 
 
Table 7.4 Air void parameters 
% CM G-20 G-30 G-40 S-40 FA-30 
α 11.879 20.660 24.236 23.780 26.172 21.329 
P 20.730 20.820 20.910 21.000 20.870 21.000 
A 2.993 2.335 2.479 4.314 5.400 2.379 
R 6.926 8.916 8.435 4.868 3.864 8.828 
L 0.452 0.292 0.242 0.192 0.148 0.281 
 
In Table 7.4 above, α is specific surface of air, N is total number of air void intersected, P is paste content 
by volume calculated from the mix design proportions, A is air void content (%) calculated by the linear 
traverse method, 𝑇𝑇𝑎𝑎 is traverse length through air, 𝑇𝑇𝑡𝑡 is total length of traverse line, R represents the ratio 
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In this chapter, the characterization of the microstructure was presented, and included pore structure 
properties of cementitious pastes and air void analysis of concrete. The following conclusions are given: 
1. Based on MIP and N2, higher replacement of cement with GP results in slightly higher total 
porosity, but more refined pore structure. Effective porosity (the indicator of connected pores that 
are responsible for transport properties) for all cement pastes except for CM was higher at 7 days. 
Pastes with GP had slightly higher effective porosity (with increasing GP content) than their 
references. The amount of connected pores decreased significantly between 7 days and 30 days and 
between 53 and 100 days, however there was almost no change between 30 and 53 days. Pastes 
with GP showed comparable values as FA-30, however S-40 had significantly the lowest effective 

















CM G-20 G-30 G-40 S-40 FA-30
148 
 
with effective porosity, however the pore entry diameter decreases and increases the volume of gel 
porosity. By increasing the GP content, pore size gets more refined (gel pores and pore size 
distribution increase). That indicates lower permeability which suggests slower diffusion of 
chloride ions in blended pastes. It should be noted that porosity, pore size, and pore size distribution 
and pore connectivity are not the only factors that affect the transport properties (for instance 
chloride permeability). Besides the w/c ratio and size of aggregates, tortuosity and binding capacity 
of chlorides should be accounted for in future studies. 
2. The air-void analysis by X-ray micro tomography coupled with ImageJ can be successfully used to 
evaluate the microstructure of cementitious materials. It is a nondestructive method, and it can 
provide 3-D information that is especially useful for air void analysis. This method requires 
minimum sample preparation, unlike the standard method ASTM C457, however it has a limitation 
on a sample size. 
3. Using GP as SCM promotes nucleation for air bubbles due to its angularity and finer particle size 
than CM, hence it has larger specific surface area. The spacing factor decreases and the specific 
surface increases with higher cement replacement by GP, which is favorable for increased FT 
resistance. 
4. Micro cracks after 1000 cycles are almost unnoticeable. That indicates a good FT resistance which 
is in agreement with results from Chapter 6, or it could mean that there were very small cracks 
which coalesced probably due to self-healing of concrete. 
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In this chapter reaction kinetics of blended cement pastes were studied by using isothermal calorimetry 
up to 3 days. Furthermore, the hydration products were determined from TGA and XRD. At the end, 
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Cement paste is the main binding phase in concrete, and its mechanical properties are of great importance 
for the properties of this composite material. Therefore, prediction of concrete performance mainly 
depends on a good understanding of cement paste behavior. Cement paste consists of several phases, 
most importantly calcium silicate hydrate (C-S-H), calcium hydroxide (CH), anhydrous cement clinker 
and pores. This microstructure of cement based materials, such as the hydration products and unreacted 
particles, their chemical composition, amounts and their distribution, make the fundamental link between 
the early age and long-term properties (mechanical and durability properties) [1]. Calcium hydroxide 
(CH) or portlandite, the most soluble hydration product formed during the hydration of cement, is 
considered as a weak link in Portland cement concrete. When the concrete is constantly exposed to 
running soft water, the portlandite will leach out (dissolve), the porosity will increase and thus it will 
make the concrete more vulnerable to further leaching and chemical attack. Eventually, this will lead to 
reduced service life of concrete structures. In GP concrete, however, CH is consumed by the pozzolanic 
reaction of glass to produce hydration products, mainly calcium silicate hydrates (C-S-H). The formation 
of additional C-S-H in GP concrete contributes to strength development and the improvement of 
durability properties. The CH content of paste influences the pozzolanic reaction of GP, the 
microstructure development and transport properties of blended cement systems. The phases of cement 
paste matrix can be identified and quantified experimentally using different techniques such as 
Thermogravimetric analysis (TGA), and X-ray diffraction (XRD) [5]. 
The main objective of this chapter is to study the reaction kinetics and mechanisms of blended cement 
pastes up to 3 days by issuing isothermal calorimetry, and to determine the multi-phases in the cement 
matrix, in particular, the CH content of cement pastes blended with GP in different proportions at ages 
up to 100 days, was determined by thermogravimetric analysis (TGA), and verified by qualitative XRD 
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method. Micro- mechanical properties of the phases (average modulus and micro-hardness) were studied 
by Nano – indentation method [7], [8]. The results obtained in this chapter will lead to a better 
understanding of microstructure development and explain how GP reacts. 
8.2. Sample preparation and methods 
8.2.1 Sample preparation  
Characterization of raw materials and mixture designs are given in Chapter 3.  The general, common 
sample preparation for the microstructure evaluations is given in Chapter 7. Further details depending on 
the type of the method, are explained in details individually in each section of his chapter,  
8.2.2 Methods 
The following methods were used in order to determine the hydration properties and micro-mechanical 
properties of the cementitious matrix. 
8.2.2.1. Isothermal conduction calorimetry 
When cement and water come in contact, the heat is released due to hydration reactions. An addition of 
SCMs to the cement paste in different proportions can increase or decrease the heat rate. The isothermal 
(heat conduction) calorimetry is typically used to study the hydration kinetics of cementitious systems 
by adding SCMs or admixtures (ASTMC1679, and ASTM C1702) [13], [14]. It is a common knowledge 
that reaction kinetics influences the microstructure formation of cementitious materials [15], [16]. In 
Figure 8.2. typical heat evolution curve is shown, and the important stages are marked. Stage 1 represents 
the initial period (Dissolution of cement and initial cement hydration). Stage 2 is induction (dormant) 
period and it is associated with a low thermal power indicating slow hydration. The end of this stage 
represents the initial setting. Stage 3 is accelerating period (determines rate of hardening and final set), 
and stage 4 is decelerating period (determines the early strength gain), and together they represent the 
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main hydration peak associated mainly with hydration reactions with maximum at (A). At (B) is sulfate 
depletion point, followed by accelerated calcium aluminate activity at (C) [13], [17]. 
All raw materials were preconditioned at the laboratory temperature (~ 20±1 ◦C) to avoid any temperature 
difference with measurement temperature (20 ◦C). First dry powders were weighed and mixed together 
for about 1 minute in the glass vials with the stainless steel flat spoon to become homogenized and then 
water was added.  They were mixed for additional minute by hand. All 8 vials were mixed within 5 
minutes and placed into channels of calorimeter (TAM-Air) shown in Figure 8.1. Samples weighed 7.5 
g with w/c ratio of 0.4. The test was repeated 3 times, since there were 6 mixtures, only 2 at the time 
could be duplicated. The amount of heat release was recorded and the cumulative heat was calculated up 










Figure 8.2 Typical heat flow curve of cement paste 
8.2.2.2. X-ray diffraction (XRD) 
The hydration was stopped by isopropanol for 7 days, and followed by 1 day of immersion in diethyl-
ether. After that samples were placed in the oven on 40 ◦C for 5 minutes, and for 1 hour in vacuum. Until 
the day of testing, samples were stored in the desiccator. Right before the testing samples were grounded 
into fine powder with pestle and mortar, and carefully placed in the aluminum sample holder shown in 
the Figure 8.3. The XRD qualitative analysis was used to identify some of the main hydration products 
(calcium hydroxide and carbonates) on a Philips PW1830/40 powder diffractometer. The machine is 
operated with an accelerating voltage of 40 kV and an X-ray beam current of 30 mA. The X-ray source 
is Cu-tube working with characteristic Cu Kα wavelength of 0.15418 nm. Machine is equipped with NI- 
filter, and analysis were performed in air on cement paste powders with a step size of 0.02◦ for a 2θ angle 


































8.11. Powder samples weighed 3-5 g, and they were tested at 7, 30, 53, and 100 days, and results for 
pastes up to 100 days are summarized in Section 8.3. 
  
Figure 8.3 Preparation of a sample for XRD analysis 
 
8.2.2.3. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is an extensively applied technique in the field of cement based 
materials science. Measurements of bound water and portlandite content by TGA are often used to follow 
the reaction of PC or to evaluate the reactivity of SCMs, such as FA and S. TGA is able to identify X-
ray amorphous hydrates, such as C-S-H, and can be used complementarily to other techniques such as 
XRD or SEM/BSE/EDS. Minerals and hydrates can undergo several thermal reactions: dehydration, 
dehydroxylation, decarbonation, oxidation, decomposition, phase transition or melting [18]. These 
reactions are generally associated with weight changes or release of heat. The temperature at which these 
processes occur are typical for the mineral or hydrate. During TGA the sample is heated while the weight 
loss is recorded on the left side of (TGA) curve (see Figure 8.5), however it is easier to identify the phases 
from more obvious peaks obtained from the differential (DTG) curve on the right side that are 
characteristic for certain hydrates or minerals. 
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The test was performed increasing the temperature from 40 to 1000 ◦C at 10 K/minute. In order to 
quantify the hydration products and total degree of hydration the mass loss was measured according to 
the following thresholds: 
40 ◦C to 430 ◦C: water loss from AFm, AFt (aluminate ferrite mono sulfate and tri-sulfate respectively), 
and C-S-H  phases; 
430 ◦C to 550 ◦C: water loss from portlandite; 
550 ◦C to 800 ◦C: carbon dioxide loss from calcium carbonate minerals. 
Portlandite contents were obtained by using the stoichiometry balance of each reaction into account, 
where WLCa(OH)2 is weight loss due to water evaporation that can be used to calculate the amount of CH 
present, and molecular masses of CH and water are presented in ratio (mCa(OH)2/m H2O 74/18). 
 
Ca(OH)2, measured = WLCa(OH)2 × mCa(OH)2/m H2O = WLCa(OH)2× 74/18 
 
The TG-DTG technique was used to perform tests at 7, 30, 53, and 100 days. Netzsch STA 449 F3 Jupiter 
was used to identify the mass loss for each temperature range. Samples of approximately 55 mg were 
placed in an aluminum crucible (about 150 µL volume) and exposed under an inert atmosphere of argon. 
The temperatures were ranging from ~40 ◦C to 1000 ◦C at a heating rate of 10 C/min. A blank curve, 
obtained under the same conditions with the same empty alumina crucible, was systematically subtracted. 
Samples for TGA were prepared the same way as for XRD (see section 8.2.2.3). The only difference is 
that the amount of sample used for this technique is about 55 mg. It is extremely important that the 
powder sample gets prepared right before being placed for the analysis in order to minimize the 
carbonation which is almost impossible to avoid completely due to large specific surface area exposed 




Figure 8.4 Thermogravimetric analyser  
 
 










































The mechanical and durability properties of concrete at the macroscale are all significantly affected, if 
not dominated, by their structural features and properties at the micro/nanoscale where the deterioration 
and failure process starts. Traditionally, however, cement paste and rock materials have been treated 
more or less as homogeneous materials with uniform mechanical properties since mechanical 
characterization of such materials has been possible only at a macroscale. It is not until recent years that 
progress and improved availability of advanced instruments and characterization techniques, such as 
depth-sensing micro/nanoindentation, has made it possible to study nano or micro- mechanical properties 
of various materials, mostly cementitious systems [19]–[23]. For multiphase materials, a statistical 
indentation method can be used, by analyzing a large number of indents within a representative sample 
area [7], [24]. It consists of indenting a sample surface with a diamond indenter, followed by a loading-
unloading cycle while continuously recording the load and indentation depth. From the load-
displacement slope and calibrated contact area, Em of the material at the microscale can be determined. 
Nanoindentation testing was conducted using Agilent Nano Indenter G200 (Keysight, Santa Rosa, CA, 
USA), equipped with a diamond Berkovich indenter tip [25], [26]. Nanoindentation was used to examine 
Es, for cement pastes (binary systems) at 100 days. Prior to nanoindentation, the samples were first cut 
into squared slices of approximately 10 mm side and 5 mm thickness, followed by grinding and polishing 
to achieve a smooth (‘‘mirror-like”) surface. For purpose of grinding, sandpapers (180, 240, 400, 600 
and 800 and 1200 grit) were used and each sandpaper was used for about 5 minutes. Instead of water, 
ethanol was used as a cooling liquid to prevent further hydration of residual cement clinkers. After 
grinding, samples were polished with diamond pastes (6 μm, 3 μm, 1 μm, and 0.25 μm) in this order and 
immersed into an ultrasonic bath to remove any residue between each polishing step for 1 minute. Sample 
preparation was performed just prior to testing to avoid carbonation of the tested surface. The tests were 
set in such a way that the loading was applied when the indenter comes into the contact with the surface 
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of the sample until a specified maximum penetration depth is reached. Afterwards, the load was 
maintained for 10 s followed by the unloading cycle. A typical example of an indentation curve (load-
displacement) is shown in Figure 8.6. Quartz standard was indented before the test to ensure accuracy. 
Six specimens were tested in total. The indentation depth was 1000 nm. The measurements were obtained 
from a matrix of 10 x 10 indents, with a distance of 20 µm between indents (Figure 8.7). This makes 100 
indents in total covering an area of 32.4 μm 2. The Continuous Stiffness Method (CSM) developed by 








where S is the contact stiffness determined from the load indentation depth slope, and Ac is the contact 
area under load (mm2), which is the function of the indentation depth. Since the effect of non-rigid 
indenter also must be taken into account, the modulus of elasticity of the sample, Es (GPa) is calculated 










where νs is the Poisson’s ratio of the sample, which was assumed to be 0.2 for all measurements. Ei is 
the modulus of elasticity of the diamond indenter, and νi is the Poisson’s ratio of the diamond indenter 
(Ei = 1141 GPa, and νi=0.07 ). 
This method enables that Es is measured as a continuous function of the indentation depth, and not just 
at the point of initial unloading. Therefore, for each indent, hardness (H) and indentation modulus (Es) 
are obtained as a continuous function of surface penetration depth (h). 




Figure 8.6 Typical indentation curve Load-Displacement (indentation depth) 
         
a) “Miror-like” polished section b) Indented area of cement paste 
Figure 8.7.  Nano indentation:  a) preparation of polished sample and b) indented sample under the 
optical microscope 
8.3. Discussion of results 
Isothermal conduction calorimetry 
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The heat evolution rate and cumulative heat curves were normalized per total cementitious content for 
all six pastes containing CM, FA, S, and GP. The use of SCMs in cement pastes and concrete have been 
reported to reduce peak temperature and heat of hydration [29]–[32] as it can be seen Figures 8.8 and 
8.9. It is obvious that the maximum heat evolution rate and the total heat generated, reduces continuously 
with higher cement replacement level because of the dilution effect of cement in a binary system. The 
results in this study are consistent with previous findings [33], [34]. The benefit of lower hydration heat 
is helpful in preventing the temperature cracking, especially for structure members with large thickness 
and mass concrete. 
In the presence of GP, the time to reach the peak hydration rate is shortened, possibly because fine GP 
can accelerate the cement hydration via the adsorption of calcium ions from the liquid phase and play as 
nucleation and growth sites for C-S-H and other hydrates.  At the same time, the high content of alkalis 
(Na2O) in GP may act as catalyst in the formation of C-S-H at an early age [35].  
 





































Figure 8.9 Normalized heat per powder content 
 X-ray Diffraction (XRD) results 
Although this method was used in qualitative purposes to identify the crystalline phases in cement pastes 
between 7 and 100 days, Portlandite (CH) phase is clearly identified. C-S-H phases are amorphous, hence 
they cannot be captured by XRD technique. In Figure 8.10 (a)-f), all six cement pastes are examined. 
Even though that cement pastes at 100 days were brought from CCNY lab, they show smaller peaks than 
any curve from 7 to 53 days for sample prepared and cured at Microlab TU Delft. This technique clearly 
demonstrates that intensity of the peaks reduces as the cement percent replacement increases. With time 
the peaks tend to weaken, as hydration and pozzolanic reaction progress. It can be seen from XRD 
patterns that G-40 has smaller CH peaks than S-40, and G-30 has more reduced CH peaks than FA-30. 
Pastes with GP among themselves also show a trend in CH reduction. The XRD results directly reveal 


























earlier findings [36]. At 100 days, peaks corresponding to CH can be obviously seen in all pastes, and 





























Thermogravimetric Analysis (TGA) 
TG/DTG curves for all six cement pastes at 100 days are presented in Figure 8.11, and only curves for 
GP are presented at Figure 8.12.  As aforementioned, every mineral or phase is characteristic for a certain 
temperature region. It is very difficult to quantify C-S-H since the range is from 40 to 600 ◦C and it 
overlaps with AFM and Aft phases. The temperature range for calculating CH content, is considered to 
be from 430 ◦C to 550 ◦C and the amount present is shown in Figure 8.13. As expected CM has the highest 
amount of CH (`24 %) because it has the highest amount of cement. Pastes with GP (G-20, G-30, and G-
40) show a decreasing trend in CH with increase of cement replacement by GP (~21 %, 17%, and 14 % 
respectively). When G-30 is compared with FA-30 (~20 %) and G-40 with S-40 (~16 %), pastes with 
GP showed less portlandite than their comparable references.  
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Figure 8.12 TGA and DTG of pastes with GP at 100 days 
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In Figure 8.14, results are summarized for all pastes from 7 to 53 days, and more TGA/DTG graphs are 
given in Appendix A. As expected, CM showed the highest amount of CH present at all times (above 20 
%). All cement pastes showed CH increase between 7 and 30 days except for G-30.  CM showed an 
increase of ~25 % and G-20 of ~18 %, while remaining pastes showed an increase up to ~10 %. Between 
30 and 53 days all pastes except for S-40 showed a reduction in CH. Dyer and Dhir [33] tested pastes up 
to 40 % of cement replacement with GP up to 28 days and they reported a CH increase explaining that 
glass constituents are being incorporated in the C-S-H gel formed during hydration in place of calcium, 
allowing more CH to be formed. GP and FA seem to act as inert fillers up to 30 days, however between 
age of 30 and 53 days they undergo a pozzolanic reaction by consuming more CH in order to create 
secondary C-S-H. Comparing G-30 with FA-30, initially G-30 has more CH, then at 30 days portlandite 
is more consumed, and finally at 53 days they have comparable CH present. On the other hand, 
comparing G-40 and S-40, S-40 has constant increase in CH due to more “cement like nature”, while G-
40 showed first CH increase and slight final decrease at 53 days, however that amount is still slightly 
higher than at 7 days. That may indicate that 40% of cement replacement with GP is a threshold for this 








CM FA-30 G-20 G-30 G-40 S-40
Ca(OH)2 wt (%) 
7 d 30 d 53 d
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Figure 8.14 Calcium Hydroxide of all pastes at 7, 30 and 53 days 
Nano indentation 
The area of indents is visualized by the optical microscope for the reference sample (see Figure 8.7.b.). 
The mixture has the grey/brownish background which is the gel phase. The brightest uneven shaped 
particles are the unreacted clinker particles. The intermixing of the phases is expected during the 
measurements due to inherent heterogeneous nature of the studied materials. The advantage of 
nanoindentation method is that Es can be locally tested, which otherwise could not be possible with other 
techniques. In Figure 8.15. results are summarized for Average elastic modulus of phases for all pastes 
at 100 days. In this study, three intervals of Es were defined and linked to the Es value of four features in 
the samples; (1.) pores + low density C-S-H, (0<Es < 20 GPa, (2.) high density C-S-H and some CH 
crystals, 21 < Es < 45 GPa, (3.) unreacted particles Es > 46 GPa. The definition of the three intervals 
defined in this work is based on the results from the literature [37, 38, 39]. Constantinides and Ulm 
reported the elastic modulus of C-S-H, and decalcified C-S-H, ranging between 19.5 and 31.8 GPa, 2.2 
and 13.2 GPa, respectively [37].  In this study, S-40 and G-40 showed denser structure (more high density 
C-S-H). G-20 and G-40 showed more low density C-S-H and pores. G-30 and G-40 are comparable to 
their references FA-30 and S-40 (see Figure 8.15). In Figure 8.16, Es is plotted in order to show the 
location of the phases in the matrix. The highest value of Es is presented in yellow (unhydrated particles), 
while dark blue represents the pores.  In Figure 8.17, values for hardness were plotted. They are too small 
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Figure 8.17 Average hardness at 100 days 
 
8.4. Conclusions 
In this chapter hydration properties were investigated, hydration kinetics by using Isothermal 
calorimetry, and quantification and identification of hydration products at 7, 30, 53, and 100 days by 
using SEM?BSE/EDS, TGA and XRD. Micromechanical properties were also observed with Nano-
indentation method. 
1.  Heat of hydration (heat flow and heat energy) is reduced by adding GP as reported in the 
literature. Increasing the percentage of GP, heat of hydration is slightly decreasing. Binary systems with 
GP (G-20, G-30 and G-40) are slightly slower than S-40 however, they are faster than FA-30, and they 
match results for setting time. Higher heat release, also subsequently resulted in higher early compressive 















2. Calcium hydroxide (CH) was quantified by TGA. Even though binary systems had less cement 
content for creating CH, when G-30 was compared to FA-30 and G-40 to S-40, results showed that CH 
was more consumed in the systems when adding more GP for C-S-H formation. G-40 showed the least 
portlandite present at all times. That clearly shows the pozzolanic reactivity of GP. Graphs from XRD 
method justify the CH consumption. Although the XRD method was qualitative, it clearly shows less 
CH in pastes with GP. It can be confirmed that GP at early age acts as an inert filler, while after 28 days 
it starts to act as a pozzolanic material by consuming more CH. 
3. Micro mechanical properties are equally important asmacro mechanical properties. Micro 
mechanical properties of cement pastes with GP are similar to those with FA and S. Among all mixtures 
with GP, G-40 showed the highest average modulus and hardness and G-20 the lowest. 
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PART V  
 
APPLICATIONS OF CONCRETE WITH GP, 










This chapter is devoted to field applications of structural concretes with GP for sidewalk and high-rise 
building projects in New York City. The results are summarized and discussed, and remarks are given 
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As stated in earlier chapters, there are only a few field demonstration projects for with Glass Pozzolan 
material, and the applications were mostly limited to sites accessible or controlled by the research team, 
such as university campus facilities, and did not necessarily include materials (e.g., GP) and processes 
as in commercial or public construction practices. After extensive study of six concrete mixes on 
mechanical and durability properties as discussed earlier in Chapter 5 and Chapter 6, we were provided 
the opportunity to implement this research in field project in New York City as air-entrained concrete for 
sidewalk, and none air-entrained concrete for a high-rise building. A common concern for both projects 
was that at the time of execution of projects, there were no standards for using GP as SCM in concrete. 
The construction industry usually operates on conservative practices, thus bringing a new material or 
technology is not an easy task. When working directly with industry, there are very rigorous protocols 
that must be followed. The first project was a sidewalk construction in Jamaica, Queens, NY in a 
collaboration with NYC-DDC, in May 2016. That was a milestone for the City of New York as a first 
step towards more sustainable concrete production and CO2 footprint reduction, using recycled glass as 
SCM. The second project was a residential high-rise 23 story building in Queens, Long Island City, NY. 
This project was the first prototype building project in the USA, and it was implemented in collaboration 
with the Durst Organization who invests in sustainable buildings. In both projects there were a lot of 
entities involved during the process from planning up to full implementation, and it was a great 
contribution to demonstrate that this material can be used on large scale projects. 
9.2. Sidewalk in Jamaica, Queens, NY  




Based on the laboratory results, the NYC-DDC selected the two mixes with 20% and 40% Glass Pozzolan 
for a sidewalk project in South Jamaica, Queens, New York (May, 2016). It should be noted that except 
for GP, all other materials were not from the same sources as materials used in the CCNY laboratory 
study. For each mix, two concrete trucks with 10 cy3 (7.65 m3) each were produced by City Transit Mix 
and placed and finished by Power Concrete. The concrete plant did not have a dedicated silo for GP as 
would be generally the case for other SCMs. Thus, the mix was batched manually by adding the GP from 
80-lb (36.3 kg) bags onto the conveyor belt containing already the dry constituents, and after mixing the 
ingredients the water and admixtures were subsequently added to the mixer. The actual mix designs are 
shown in Table 9.1. 
 
Table 9.1. Actual mix designs used for the Sidewalk in South Jamaica, Queens 




Cement , lb/yd3  457 461 345 345 400 
GP, lb/yd3 115 115 230 230 0 
Fly Ash, lb/yd3 0 0 0 0 162 
# 57, lb/yd3  1935 1935 1955 1960 1940 
Sand, lb/yd3  1250 1255 1200 1205 1255 
Water. Gal 23.6 23.6 23.5 23.5 25.6 
Water lb. , lb/yd3  196.95 196.95 196.12 196.12 213.64 
SIKAMENT 686 
oz/cyd 16.8  22.4  16.8  22.4  19.2 
SIKA AER 
oz/cyd 1.2  1  0.6  0.6  7  
Air % 7 7 6.5 7 7 
Slump (in) 2.5 4.5 2.75 5 4 






9.2.2. Sidewalk implementation and testing plan 
 
In addition to the two mixes with glass, the conventional mix containing 30% Fly ash (FA30), which is 
typically used for sidewalks by NYC-DDC, was also selected for this project. In total, four concrete 
trucks for Glass Pozzolan and two trucks for Fly ash were produced and delivered to the site. The field 
work was implemented in two sequential phases label as Truck-1 (T-1) and Truck-2 (T-2). Phase 1 
consisted of: G20 T-1, G40 T-1, and FA30 T-1. Similarly, Phase 2 consisted of: G20 T-2, G40 T-2, and 
FA30 T-2. The corresponding areas of sidewalk built were: 1190 ft2 (~110 m2) for G20, 1295 ft2 (~120 
m2) for G40, and 2420 ft2 (~225 m2) for FA30. The field investigations included mix production at the 
concrete plant, fresh properties (temperature, air content, slump, and unit weight), mix quality and ease 
of placement and finishing, compressive strength (3 cylinders per batch 4x8 in or 100x200 mm), and 
maturity sensors in field-exposed and lab-conditioned cylinders (3 cylinders 6x12 in or 150x300 mm) 
for development of strength-prediction maturity curves for future applications in practice. 
 
9.2.3. Discussion of results 
Field Placement and Fresh Concrete Properties 
The concrete was poured on May 5, 2016. The ambient temperature on that day was within 460F (8 °C) 
and 550F (13 °C).  For the FA30 mix there were no significant issues of concern, and the discussions that 
follow are focused on glass concretes.  The glass concrete mixes showed good consistency and placed 
and finished well without any observable bleeding or segregation, as shown in Figure 9.1. The target w/c 
ratio was 0.4 as used for the prototype mix designs in the lab, but the field w/c was ~0.34 for both mixes. 
The slumps were 2.5 in (63.5 mm) for G20 T-1 and 2.75 in (70 mm) for G40 T-1, but once the water 
reducer admixture was adjusted for the second trucks (T-2), the slumps were within 4 to 5 in (~ 100-130 
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mm). The air content for both mixes was within 6.5-7%, which is a strict requirement for preventing 
distress in sidewalk concretes subjected to wintry freeze-thaw cycles. Fresh properties are summarized 
in Table 9.2. It can be observed in Figure 9.1 that the concrete with higher glass content (G40) had a 
lighter color than the G20 concrete, and both glass concretes were lighter than the FA30 concrete. After 
28 days, the sidewalks were visually inspected and observed that the quality and color of concretes did 
not change. Since, this project has been inspected for over 3 years, without any observable signs of 
distress, while the lighter color of the sections with glass continued to show in contrast to the section 
with Fly ash. 
Table 9. 2. Fresh properties of concrete 
Fresh properties G-20 T-1 G-40 T-1 FA-30  T-1 G-20 T-2 G-40 T-2 FA-30 T-2 
Slump         in (cm) 2.5 (6.5) 2.75 (7) 4 (10) 4.5 (11.5) 5 (12.5) 4 (10) 
Air content      % 7 6.5 7 7 7 7 
 
  






Figure 9.1.-Sidewalk for G20 and G40 - Jamaica, Queens, NY 
 
Compressive Strength of Field Concrete 
From each of the two trucks (T-1 and T-2) and for each of the two mixes (G20 and G40), three concrete 
cylinder specimens of 4x8 in (100x200 mm) were produced in the field. Also, an independent laboratory 
contracted by NYC DDC produced two concrete cylinder specimens of 6x12 in (152.5x305 mm) from 
Truck-1 only, for each of the two glass concrete mixes. All of the samples were left in the field under 
wet burlap and plastic sheet for 24 hours and then transported to the respective laboratories for continued 
curing in a moist environment. The samples that were transported to the CCNY lab were tested at 7, 14, 
28, 56, and 90 days. The samples at the independent laboratory were tested only at 7 and 28 days. 
G40 




Figure 9.2. Compressive strength for each truck for G-20 
 
The results are shown per truck in Figure 9.2 for G20 and in Figure 9.3 for G40. The field data is 
summarized in Figure 9.4 for the samples tested in the CCNY lab and represent the average of the T-1 
and T-2 values combined. In relation to the prototype lab mixes (see Chapter 5 Figure 5.4), the values 
for the field samples were in general about 13% lower. The strength development with time for the field 
concretes follow the same trend as those of the lab mixes. At 28 days, the strengths for the G20 and G40 
field concretes were 5550 psi (38.3 MPa) and 5480 psi (37.8 MPa), respectively. These values were about 
40% above the required design strength of 3200 psi (22 MPa) specified by NYC-DDDC. At 90 days, the 













































Compressive Strength of G-20 




Figure 9.3. Compressive strength for each truck for G-40 
 
By comparing the strengths obtained for the T-1 and T-2 samples tested in CCNY lab, the difference for 
G20 was about 3%, but for G40 it was about 15%, possibly due to imperfections observed with samples 
produced from T-2 concrete that resulted in lower strengths shown in Figure 9.3. For the T-1 samples at 
28 days, the strengths obtained in the CCNY lab for the 4x8 in (100x200 mm) samples were higher by 
~2% for G20 and by ~14% for G40 than those reported by an independent lab for the 6x12 in (152.5x305 













































Compressive Strength of G-40 




Figure 9.4. Combined Compressive strengths for G-20 and G-40 
Maturity Curves for Field Concrete 
The concept and importance of maturity method is explained in Chapter 5, section 5.2.2, and the data is 
obtained in conjunction with the compressive strengths from cylinder samples to define the Maturity 
Curve prediction function (ASTM C 1074) [1]. For the 20% and 40% GP mixes their Maturity Index 
data were obtained from embedded sensors in cylinder specimens produced in the field and transported 
to the lab within 48 hours for curing in a moist room for up to 90 days. The  compressive strengths of the 
cylinder samples from the field that were tested at 7, 14, 28, 56, and 90 days were used to produce the 
corresponding Maturity Curve for each mix. Maturity Indexes were also obtained from cylinder samples 
left at the construction site and exposed to ambient conditions, in order to check the field performance 














































G-20 Lab G-20 Field G-40 Lab G-40 Field
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As described before in Chapter 5 – Maturity method, maturity loggers were embedded in the 6x12 in 
(155 x 305 mm) cylinders for G20 and G40 concretes from Truck-1 (T-1) only. For each mix two 
specimens were conditioned in the lab and the other two specimens were exposed to ambient conditions 
at the site.  The data for G20 and G40 are correspondingly given in Table 9.3 and Table 9.4, where the 
reported compressive strengths are for T-1 samples, and the maturity indexes are shown for both lab-
conditioned and ambient-exposed samples. This project was implemented during winter months when 
the outdoor temperature was relatively cold ~50 0F (10 °C), which slowed down the maturity of concrete 
as indicated by the lower indexes (5 to 20%) recorded by the field maturity loggers in relation to the lab 
samples cured at ~73 0F (23 °C).  
In Figs. 9.5 and 9.6, the data for compressive strengths from Tables 9.3 and 9.4 are plotted against the 
maturity indexes data for lab-conditioned samples, to define by fitted logarithmic functions the Maturity 
Curves for strength predictions for up to 90 days for G20 and G40 concretes. In each of these figures, an 
example is shown for predicting the 28-day compressive strength using the corresponding maturity 
indexes from the field loggers (Tables 9.3 and 9.4), and the predicted strengths are between 2% to 4% 
lower than the values obtained from lab-conditioned samples. Results are in agreement with other studies 
on using maturity method to predict the compressive strength [2], [3]. 
Table 9.3 - Maturity Index vs Compressive Strength for G20 T-1 
G20-Jamaica Queens NY 
Age Compressive Strength for T-1 Maturity Index for T-1 
Days  (psi)  (MPa) Lab              
(°C-Hrs) 
Field         
(°C-Hrs) 
% Difference 
7 3970 27.4 3627 3018 -16.8 
14 4840 33.4 7361 6268 -14.8 
28 5660 39.0 14827 13210 -10.9 
56 6560 45.2 30269 28091 -7.2 





Figure 9.5. Predicted strength by maturity curve for G-20 
 
Table 9.4. - Maturity Index versus Compressive Strength for G40 T-1 
G40 Jamaica Queens NY 
Age Compressive Strength for T-1 Maturity Index for T-1 
Days  (psi)  (MPa) Lab           
(°C-Hrs) 
Field          
(°C-Hrs) 
% Difference 
7 3340 23.2 3658 2942 -19.6 
14 4570 31.5 7421 6154 -17.1 
28 5900 40.7 14910 13071 -12.3 
56 7300 50.3 30377 27906 -8.1 






Figure 9.6. Predicted strength by maturity curve for G-40 
9.3. High-rise building in Hallett’s Point, Long Island City, NY 
 
This section describes the development and implementation of self-consolidating concrete (SCC) mixes 
with GP as SCM for the Hallet’s Point-1 Building Project. The Hallet’s Point-1 project is a 23 story 
residential building located in Astoria, Long Island City, New York. This was the first GP application in 
high-rise building construction in the USA. The implementation of this prototype concept was 
coordinated by Building Products Ecosystems LLC that facilitated the participation and effective 
interaction of all participants. The building construction started in early 2017. The architectural/structural 
designs and concrete mix designs were developed by Severud Associates. The project management was 
supervised by New Line Construction, and the construction work was supervised by Casino as the 
contractor. Delta Testing Laboratories was in charge of quality control of fresh and hardened concrete 
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properties for the entire project. The GP was manufactured and supplied by Urban Mining Northeast. 
The concrete mixes with GP were produced at US Concrete - Ferrara Brothers, while the bulk of the 
concretes with Slag were produced by Empire. Three different compressive strengths of concrete were 
used in this project. To achieve better workability and pump-ability, the mixes were designed as normal 
unit weight and non-air entrained self-consolidating concrete (SCC). The foundation was built with 6,000 
psi SCC. The slabs and some columns were built with 8, 000 psi (~55 MPa) SCC. The walls and the rest 
of the columns were built with 10,000 psi (~70 MPa) concrete. The majority of concrete mixes included 
Slag as SCM. This project was used as a prototype to demonstrate the field implementation of Post-
Consumer Recycled Glass GP as a replacement of cement, within the same range as for Slag SCM used 
in the project. 
  
Figure 9.7. Hallet’s Point-1 Location in Long Island City, NY 
 
The potential use of GP to partially replace cement has been demonstrated in laboratory work at the City 
College of New York. The research showed that GP has similar or better physical and chemical properties 
when compared with Slag. One of the requirements for the Hallet’s Point-1 project was that the use of 
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GP should not exceed 35% of total cementitious content. During April and September 2017, concrete 
mixes with GP were implemented in three phases. On April 22nd, the first placement of field application 
in high-rise buildings was successfully achieved. The concrete mix with 8,000 psi (~55 MPa) 
compressive strength was pumped to the fifth floor and placed as part of the slab and some columns of 
the South section of the building. The second placement was on June 8th, the mix with 10,000 psi 
compressive strength was pumped to the eight floor for the parapet wall of the building. The third 
placement was on September 13th for a 10,000 psi (~70 MPa) concrete mix, delivered by bucket for the 
bulkhead roof slab at the top of the 23rd story building. The additional objective for this concrete 
placement was to evaluate how the concrete behaved at a relatively high ambient temperature.  
  





Figure 9.9. Finished View of the 8,000 psi Concrete on 
5th Floor Slab at 28 Days 
Figure 9.10.  Monitoring the 10,000 psi 





   




9.3.1. Materials and Mix Designs 
Guidelines for Concrete Materials Specified by Severud Associates 
Portland cement: ASTM C150, Type I or II, ASTM C1157 GU or LH. For concretes with 8,000 and 
10,000 psi strengths at 28 days, the use of one brand of cement should be approved by the Engineer. 
Supplementary Cementitious Materials: 
1. Slag: ASTM C989, Grade 100 or 120, may be used up to a maximum of 35% as replacement 
of the total cement content. 
2. Pozzolans: ASTM C 618-08 Class N, may be used up to a maximum of 35% as replacement 
of the total cement content. 
3. The sum of all SCM quantities shall not exceed 35% as replacement of the total cement 
content. 
4. The exact percentages used shall be based on a successful test placement onsite. 
Proposed Mix Designs with GP  
All proposed mix designs with GP were initially tested by Future Tech Consultants, and before the 
project was initiated, they were also tested by Aggregate and Concrete Testing LLC. All of the mix 
designs had consistent cement replacements of 35%. To be able to progressively achieve higher 
compressive strengths, the water to cementitious ratio (w/c) was correspondingly decreased, by 
increasing the total cementitious content (CMC) while keeping the total water content constant.  The mix 
design for 6,000 psi had 650 lb. CMC and w/c ratio of 0.38; the mix design for 8,000 psi had 775 lb. 
CMC and w/c ratio of 0.32, and the mix design for 10,000 psi had 850 lb. CMC and w/c ratio of 0.29. 




Table 9.5. Proposed Mixes with GP 
Total Cementitious Content (lbs) → 650 775 850 
Mix Source 6000 psi with GP 




Date Batched  7/1/2015 7/1/2015 7/1/2015 
Cement (Ibs.) Lafarge Cement -Type I/II 423 505 553 
Glass pozzolan Pozzotive 227 270 297 
Sand (Ibs.) Roanoke Sand 1250 1300 1240 
Stone # 1 (Ibs.) Tileon, Clinton Point #67 1250 1300 1300 
Stone # 2 (lbs.) Tileon, Clinton Point #8 540 500 500 
Water (gal) NYC DEP 29.8 29.7 29.7 
Admixture 1 (oz.) BASF-AE90 4.2 N/A 0 
Admixture 2 (oz.) BASF-Glenium 7620 30 59.5 59.5 
w/c  0.38 0.32 0.29 
Slump (in.)  8±1 N/A N/A 
Spread (in.)  - 26±2 26±2 
Air (%)  6±1.5 3±1.5 3±1.5 
Theo. Unit Wt. (pcf.)  145 151.9 152.1 
Actual Unit Weight 
(pcf.) 
 - - - 
 
Proposed Mix Designs with Slag 
The proposed mix designs with Slag were tested by Concrete and Control Inspections INC. The concrete 
was produced and delivered by Empire concrete plant. The mixes with Slag were not quite the same as 
the mixes with GP in terms of total cementitious content and percentage of cement replacement, which 
were higher than for concretes with GP. The 6,000 psi mix design had 750 lb. CMC and 40% cement 
replacement; the 8,000 psi mix had 850 lb. CMC content and 42% cement replacement, and the 10,000 
psi mix design had 950 lb. CMC and 50% cement replacement. The chemical admixtures used were 




Table 9.6. Proposed Mixes with Slag 
Total Cementitious Content (lbs) → 750 850 950 
Mix  Source  
6000psi 
with Slag  
8000psi 
with Slag  
10000psi 
with Slag  
Date Batched    1/5/2016 1/5/2016 1/5/2016 
Cement (Ibs.)  Lehigh -Type II  450 495 475 
Slag (lbs.) Holcim-Lafarge 120 300 355 475 
Sand (Ibs.)  LI Natural 1240 1175 1175 
Stone # 1 (Ibs.)  
NY Sand and Stone 
#67 1700 1700 1325 
Stone # 2 (lbs.)  
NY Sand and Stone 
#8 0 0 350 
Water (gal.)  NYC Potable 34.5 34 31 
Admixture 1 (oz.)  Euclid Air N/A N/A  N/A 
Admixture 2 (oz.)  Euclid-Plastol 5000 59.4 72 88 
Admixture 3 (oz.)  Euclid -WO retardant N/A N/A 20 
WIC    0.388 0.338 0.272 
Slump (in.)    9.0 7.75 9 
Spread (in.)    - - - 
Air (%)    1.8 2.2 0.6 
Theo. Unit Wt. (pcf.)    146.4 148 151.6 
Actual Unit Weight 
(pcf.)    - - - 
 
Actual Mix Designs with GP  
The concretes with GP were batched at Ferrara Brothers concrete plant. The first concrete mix of 8,000 
psi was batched by means of the conveyor belt for adding the GP into the dry mix, and the water was 
subsequently added as for typical procedures using silos for cementitious materials. For the second 
concrete batch of 10,000 psi, the GP was added manually into the wet mix that already included all other 
ingredients. The third 10,000 psi batch was managed in a more conventional way by adding the GP 
directly from a dedicated silo at the plant, as it is normally done with other SCM products, such as Slag. 




Table 9.7. Actual Mix Designs with GP 
Total Cementitious Content (lbs) 
→ 775 848 847 
Mix  Source  
8000 psi with 
GP  




Date Batched    4/22/2017 6/8/2018 9/13/2017 
Cement (Ibs.)  
Essex Cement -
Type I/II  503.6 551 552 
GP Pozzotive  270 297 295 
Sand (Ibs.)  
Roanoke Sand 
and Gravel  1300 1240 1240 
Stone # 1 (Ibs)  
Tileon, Clinton 
Point #67  1295.5 1295 1290 
Stone # 2 (lbs.)  
Tileon, Clinton 
Point #8  509 505 505 
Water (gal.)    26.8 27.8 28.7 
Admixture 1 
(oz.)  BASF Delvo 15.1 12 11.9 
Admixture 2 
(oz.)  BASF Glenium 59.6 59.5 59.2 
w/c   0.289 0.274 0.285 
Slump (in.)    N/A  N/A  N/A  
Spread (in.)    22 18 23 
Air (%)    2.3 3.8 3.1 
Theo. Unit Wt. 
(pcf.)    151.9 152.1 152.1 
Actual Unit 




Actual Mix Designs with Slag 
The mix designs with Slag had w/c ratios between 0.32 and 0.24, while the w/c ratios for mixes for GP 
had a closer range of values between 0.289 and 0.274. 
 
Table 9.8. Actual Mix Designs with Slag 
Total Cementitious Content (lbs.) → 750 850 950 
Mix  Source  
6000psi 
with Slag  
8000psi 




Date Batched    1/5/2016 1/5/2016 1/5/2016 
Cement (Ibs.)  Lehigh -Type II  450 495 473.6 
Slag (lbs.) Holcim-Lafarge 120 300 355 476.4 
Sand (Ibs.)  LI Natural 1240 1175 1175 
Stone # 1 (Ibs.)  
NY Sand and Stone 
#67 1700 1700 1372 
Stone # 2 (lbs.)  
NY Sand and Stone 
#8 0 0 350 
Water (gal.)  NYC Potable 28.95 29 27.1 
Admixture 1 (oz.)  Euclid Air N/A N/A N/A 
Admixture 2 (oz.)  Euclid-Plastol 5000 54.4 58 88 
Admixture 3 (oz.)  Euclid -WO retardant 15.0 34 20 
w/c   0.32 0.285 0.24 
Slump (in.)    7.0 8 8.25 
Spread (in.)    - - - 
Air (%)    4.9 2.2 1.9 
Theo. Unit Wt. (pcf.)    146.4 148 151.6 
Actual Unit Weight 
(pcf.)    145.4 149.8 152.2 
 
9.3.2. Concrete Evaluations 
The GP concrete mixes were evaluated in-situ for fresh properties, and the hardened properties were 
evaluated at the CCNY and Delta Labs, for up to 90 days of curing. For Slag concrete mixes, both field 
and lab evaluations were conducted only by Delta Testing Laboratories. 
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In-situ Evaluations of Concrete  
For GP mix with 8,000 psi compressive strength, 60 yd3 were pumped and poured for the designated slab 
and some columns on the fifth floor of the South wing of the building, on April 22nd, 2017. The fresh 
concrete was tested to confirm the limits for slump-spread (22 inches), air-content (2.3%), temperature 
(71 0F), and unit density (150.2 lb/ft3). 
For GP mix with 10,000 psi compressive strength, 25 cy3 were pumped and poured for the parapet wall 
of the 8th floor, on June 8th, 2017. The fresh concrete was tested for slump-spread (18 inches), air-content 
(3.8%), temperature (81 0F), and unit density (148 lb/ft3).  
For GP mix with 10,000 psi compressive strength, 63 cy3 were delivered by a crane-and-bucket and 
poured for the bulkhead roof slab on the North wing, above the 23rd floor, on September 13th, 2017. The 
fresh concrete was tested for slump-spread (23 inches), air-content (3.1%), temperature (95 0F), and unit 
density (150 lb/ft3).  
For all 3 mixes described above, maturity sensors were installed the day before and inspected and 
activated right before the concrete placement. The pump-ability, placing by crane-and bucket, and 
finishing of all three mixes were visually evaluated and showed no differences with those expected for 
regular concrete. 
Compressive Strength 
Compressive strength is one of the most important properties of hardened concrete for the evaluation of 
concrete mix designs. The compressive strength was evaluated at different ages to monitor the strength 
development of concrete with time. This is important as early age strength results can guide the contractor 
on form removal, and subsequent strength development can provide information on long-term 
performance. The compressive strength tests for up to 90 days enabled to compare the relative strength 
developments of all mix designs. It is generally accepted that early high strength is due to the hydration 
reactions, while compressive strength at later stages is driven by the pozzolanic reactions. The overall 
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strength is the result of a combination of factors such as compaction and temperature and relative 
humidity during the curing period. The advantage of using SCM materials in concrete is that the strength 
continues to increase at later ages because of pozzolanic activity. The increase in strength can also be 
enhanced by adding SCMs with smaller particle sizes than cement. 
The compressive strengths for this project were tested by Delta Labs. Concretes with Slag were mostly 
tested for up to 28 days, unless they did not satisfy the requirement for target strength at 28 days, and 
were then tested at 56 days. Concretes with GP were tested at 3, 7, 28, 56 and 90 days to provide more 
comprehensive evaluations. 
 In Figure 9.12., the 8,000 psi mixes with Slag and GP are compared. The graphs with the lowest and 
highest values represent the concretes with Slag (purple and orange colors). The three graphs in between 
that are within a narrow band, represent the mixes with GP.  Within this band, the blue graph is the 
proposed mix design tested by Future Tech Consultants; the red graph represents the results from Delta 
Labs, and the green graph represents the results from CCNY Lab. It can be concluded that the testing 
results for GP are consistent and have about the same values. For Slag, the approximate average values 




Figure 9.12. Compressive Strength of 8,000 psi Concretes with Slag and GP 
Figure 9.13 shows the results of compressive strength for all 10,000 psi mixes with Slag and GP. The 
green graph represents the concrete with Slag. The blue graph represents the concrete with GP for the 
parapet wall, poured on June 8th, 2017, and the red graph is for the concrete with GP for the bulkhead 
roof slab, poured on September 13th, 2017. The values for all mixes are within a close range, and there 
is not much difference in compressive strengths for Slag and GP mixes for up to 56 days. 
In Figure 9.14., the combined results are summarized for 8,000 psi and 10,000 psi mixes. It can be 
observed that concretes with target strengths of 8,000 psi for both Slag and GP reached higher strengths 
than their corresponding mixes for 10,000 psi strengths. While it is difficult to specifically explain these 
unexpected results, we can make some commentary about the similarities and differences of mix design 
parameters and strength developments for the Slag and GP mixes.  By examining Table 9.7, and Table 
9.8, and Figure 9.14., the following observations can be made. 
For the 8,000 psi mixes: 


























MIX DESIGN 8,000 PSI 
Glass SCM-Proposed Mix Glass SCM - DELTA
Glass SCM - CCNY Slag - 15th Floor
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Percent Replacement of Cement (SCM): Slag = 40%; Glass = 35%. Thus, Slag had 5% more SCM 
than Glass. 
Water-Cement Ratio (w/c): Slag = 0.285; Glass = 0.289. Both had about the same w/c ratios. 
Coarse Aggregate content (CA): Slag = 1,700 lbs; Glass = 1,805 lbs. Thus, Glass had about 5% higher 
CA. 
Compressive Strength performance (fc): Observing Figure 9.14., both showed similar fc trends. Slag 
achieved much higher strength at 7 days (~10,460 psi) than Glass (~6,900 psi), but at 28 days the values 
were about the same for both (11, 910 for Slag and 10,830 for Glass). The possible reason for higher 
early strength of Slag is due to its better cementitious behavior, higher SCM content by 5%, and also 
higher total CMC of Slag-concrete by 76 lbs or 9% percent. Although the data was not collected for Slag 
beyond 28 days, from the graph for Glass we can observe the steady continuous growth of strength for 
up to 90 days of about 13,600 psi; this higher strength development with time is typical for Glass due to 
its better pozzolanic behavior in relation to Slag. 
For the 10,000 psi mixes: 
Total Cementitious Content (CMC): Slag = 950 lbs; Glass = ~848 lbs. Thus, Slag had 12% more CMC 
than Glass. 
Percent Replacement of Cement (SCM): Slag = 50%; Glass = 35%. Thus, Slag had 15% more SCM 
than Glass. 
Water-Cement Ratio (w/c): Slag = 0.240; Glass = 0.274-0.285 (Ave=0.28). Thus, Slag had about 16% 
less w/c ratio than Glass. 
Coarse Aggregate content (CA): Slag = 1,722 lbs; Glass = 1,798 lbs. Thus, Glass had about 4% higher 
CA. 
Compressive Strength performance (fc): Observing Figure 9.14., both showed close fc trends. Slag 
achieved slightly higher strength at 7 days (~6,900 psi) than Glass (Ave ~6,700 psi), but at 28 days the 
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values were about the same for both (~ 8% higher for Slag). The possible reason for higher early strength 
of Slag is due to its better cementitious behavior, much higher SCM content by 15% more, and higher 
total CMC of Slag-concrete by 103 lbs or 12% percent. At 56 days, the values for Slag and Glass were 
nearly the same (~10,600 psi). Although the data was not collected for Slag beyond 56 days, from the 
graph for Glass we can observe the steady continuous growth of strength for up to 90 days of about 
11,100 psi; this continuous gain of strength with time is typical for Glass due to its beneficial pozzolanic 
behavior. 
In summary, for the 8,000 psi mixes, the strength achieved at 28 days exceeded the target value by 48% 
for Slag (~11,900 psi) and by 35% for Glass (~10,800 psi). In contrast for the 10,000 psi mixes, the 28-
day comprehensive strengths were below the target value by 5% for Slag (~9,600 psi) and by 11% for 
Glass (~8,900 psi). However, these slightly lower values for the 10,000 psi mixes were within the 
acceptable limits for the strength requirements of building components.  
 
 























MIX DESIGN 10,000 PSI




Figure 9.14. Compressive Strength of 8,000 psi and 10,000 psi Concretes 
 
Failure Modes: 
The compressive failure modes for the 8,000 psi GP concrete tested at CCNY are shown below in Figure 
9.15.and Figure 9.16., respectively for ages of 6 days and 27 days. In Figure 9.15., it can be seen that the 
fracture was primarily through the mortar (cementitious binder and sand), while in Figure 9.16., the 
failure was mainly through the coarse aggregate (CA). Since the CA (stone) has higher compressive 
strength than the mortar, the failure mode in Figure 9.16 indicates that the mix had achieved effective 
mortar-aggregate interface strength, leading to the desirable behavior of failure through the stone. This 


























8,000 psi Glass- 5th Floor Slab and Columns 8,000 psi Sag-15th Floor
10,000 psi Glass-Parapet Wall 10,000 psi Glass-Bulkhead Roof Slab




Figure 3.15. Compressive Strength Testing of 
8,000 psi Concrete with GP at 6 Days 
Figure 9.16. Compressive Strength Testing of 
8,000 psi Concrete with GP at 27 Days 
  
9.3.4 Discussion of results 
Evaluating Compressive Strength by Maturity Method 
The concrete maturity can be defined by using an embedded sensor to measure the temperature-time 
profile of the mix. In this project, we used a compact cylindrical logger, which is a self-contained 
measurement and computing system consisting of: a precision temperature measurement sensor (a 
thermocouple), a microprocessor, a memory module, and a battery. The lead wires from the logger are 
connected to a hand-held reader to download the data and transfer to a computer. The embedded logger 
records the concrete temperature every hour, and based on these data, a Maturity Index is computed at 
any given time (hours), which is basically the cumulative value of hourly temperature readings (0C) over 
that time interval (hours). Thus, the units of Maturity Index are 0C-Hours. For example, in Table 5 below, 
the Maturity Index for the Field Concrete at 3-days (72 hours) was 1202 0C-Hours, which is simply the 
cumulative value of 72 hourly temperature readings in 3 days. 
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In general for a given concrete mix, the Maturity Index data is used in conjunction with the Compressive 
Strength of cylinders tested in the lab to develop the Maturity Curve, as shown for example in Figure 
9.17..  The maturity curve for a concrete mix is useful to predict the early compressive strength without 
testing specimens, to allow safe and expedient scheduling of formwork removal and advancing the 
project forward. The other benefit is avoiding field coring of cylindrical samples for testing and 
subsequent patching of concrete in the project.  
For the Hallets Point 1 project, three maturity loggers were embedded in every structural member built 
with GP concrete, starting with the slab on the fifth floor, continuing with the parapet wall on the eight 
floor, and finishing with the bulkhead roof slab above the 23rd floor. Every sensor was activated before 
the concrete was poured to record the hydration temperature for up to 90 days. Simultaneously for each 
concrete mix, three cylinder specimens 6”x12”with embedded sensors were left on site for one day, and 
then transported to the CCNY lab, where they were demolded and cured in a chamber under 100% 
humidity and 23 0C. 
The prediction maturity curves shown in Figure 9.17., Figure 9.18., and Figure 9.19., were based on 
values for compressive strength of up to 90 days provided by Delta Labs, which were converted to MPa 
as per ASTM C1074. The values of maturity index, expressed in 0C-Hrs for up to 90 days, were obtained 
from the lab-cured cylinder specimens at CCNY. In Tables 9.9, Table 9.10, and Table 9.11, the 
compressive strengths and corresponding maturity indexes are given, including maturity index values 







Table 9.9. Compressive Strength and Maturity Index for 8,000 psi Concrete with GP up to 90 Days 
8,000 psi 5th FLOOR SLAB 
Age Compressive Strength  Maturity Index  
Days  (psi)  (MPa) 
Field        
(°C-
Hrs) 
CCNY            
(°C-Hrs) % Difference 
0 0 0 0 0 0.0 
3 5530 38.1 1202 1214 -1.0 
6 6900 47.6 2168 2636 -17.8 
13 9570 65.9 5348 6141 -12.9 
27 10830 74.7 10116 12945 -21.9 
56 12960 89.4 25873 29011 -10.8 
90 13640 94 45601 46145 -1.2 
 
In Figure 9.17., the data from Table 9.9. for 8000 psi concrete are plotted and fitted by a logarithmic 
function to define the maturity curve for strength predictions of up to 90 days. To use this master curve 
for a subsequent project using the same mix design, the maturity index at a given time is recorded from 
a sensor at the field, and the corresponding compressive strength value from the curve is predicted. In 
Table 9.9, he differences between the laboratory and field maturity indexes are due to the variability of 
ambient conditions at the site. The field values are lower than the laboratory values by 22% to 1%, but 
overall they are approximately within the same range. This concrete was placed in the spring season, 
when the outdoor and lab temperature and humidity were approximately within the same range. The 
strength predictions by the maturity curve in Figure 9.17 .are conservative, because the field maturity 
indexes are lower than the corresponding lab values. For example, using the field maturity index of 10116 
0C-Hrs at 27 days, the predicted strength based on Figure 9.17. is 71.3 MPa, versus 74.7 MPa at 27 days 
based on the lab maturity index of 12945 0C-Hrs (see Table 9.9). However, the predicted strength is only 





Figure 9.17. Predicted Compressive Strength for Maturity Index for 8,000 psi Concrete with GP up to 90 
Days 
Table 9.10. Compressive Strength and Maturity Index for 10,000 psi Concrete Parapet Wall with GP up to 90 
Days 
10,000 PSI 8th  FLOOR PARAPET WALL 
Age Compressive Strength  Maturity Index  
Days  (psi)  (MPa) Field        (°C-Hrs) 
CCNY            
(°C-Hrs) % Difference 
O 0 0 0 0 0 
3 5330 36.75 2413 1583 52.4 
7 6500 44.8 5805 3790 53.2 
14 7950 54.8 10370 7697 34.7 
28 8880 60.7 20314 15269 33.0 
56 10800 74.5 39830 29905 33.2 
90 11380 78.5 61402 48485 26.6 
 
In Figure 9.18., the data from Table 9.10 for 10,000 psi concrete is plotted and fitted by a logarithmic 
function to define the maturity curve for strength predictions of up to 90 days. This concrete was placed 
in early June, during the early summer season when the outdoor temperature was higher than the constant 
















































Maturity Index CCNY Lab (°C-Hrs)
8,000 PSI 5th FLOOR SLAB
10,116 °C-Hrs (27 Days)
Predicted Compressive 




resulted in higher maturity indexes due to the accelerated curing of the concrete samples. In this case, 
since the field maturity indexes are higher, the predicted values by Figure 9.18 are not conservative. For 
example, using the field maturity index of 20314 0C-Hrs at 28 days, the predicted strength based on 
Figure 9.18. is 67.2 MPa, versus 60.7 MPa at 28 days based on the lab maturity index of 15269 0C-Hrs 
(see Table 9.10). In this case, the predicted strength in the field is about 10% higher than the CCNY 
value. The results are in accordance with other studies [4], [5]. 
 
Figure 9.18.. Predicted Compressive Strength for Maturity Index for 10,000 psi Parapet Wall Concrete with 
GP up to 90 Day 
Table 9.11. Compressive Strength and Maturity Index for 10,000 psi Concrete Bulkhead Roof with GP up to 
90 Days 
10,000 PSI BULKHEAD ROOF SLAB 
Age Compressive Strength  Maturity Index  
Days  (psi)  (MPa) Field        (°C-Hrs) 
CCNY            
(°C-Hrs) % Difference 
0 0 0 0 0 0.0 
2 5530 38.1 1525 1491 2.3 
5 6330 43.6 3474 3138 10.7 
7 6800 46.9 4542 4207 8.0 
14 7530 51.9 8950 7919 13.0 
28 8930 57.4 16320 15425 5.8 
56 10200 70.3 26828 29811 -10.0 












































Maturity Index CCNY Lab (°C-Hrs)
10,000 PSI 8th FLOOR PARAPET WALL
Predicted Compressive 
Strength in the Field 
67.2 MPa
20,314 °C-Hrs (28 Days)
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* Reading at 86 days and only from one sensor (wires were cut to seal the slab)  
In Figure 9.19., the data from Table 9.11 for 10,000 psi concrete is plotted and fitted by a logarithmic 
function to define the maturity curve for strength predictions of up to 90 days. This concrete was placed 
in mid-September, when the winter season was starting and the outdoor temperature was becoming colder 
with time. We can observe that the field maturity indexes for up to 28 days were higher than the lab 
values, and afterwards the field maturity indexes were lower than the lab values. Thus, due to the outdoor 
temperature variation, the prediction maturity curve in Fig. 9.19 is conservative for up to 28 days (higher 
actual strengths when using field maturity values), and not conservative beyond 28 days (lower actual 
strengths based on field maturity values). However, the differences are relatively small.  
 
Figure 9.19.. Predicted Compressive Strength for Maturity Index for 10,000 psi Bulkhead Roof Concrete with 
GP up to 90 Days 
Flexural Strength and Split Tensile Strength 
The flexural test method besides inducing flexural stress can serve to evaluate tensile strength, since the 
beam test specimen is unreinforced and collapses due to critical tensile stress at the bottom surface (see 
Figure 9.20.). The specimens in this study were tested under 4-point bending, to induce “pure constant 












































Maturity Index CCNY Lab (°C-Hrs)
10,000 PSI BULKHEAD ROOF SLAB
Predicted Compressive 
Strength in the Field 61.6 MPa
16,320 °C-Hrs (28 Days)
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beams 6” x 6” x 21” as per ASTM C78, and were tested at 14, 28, and 56 days. The results for Flexural 
Strength (ff) are given in Figure 9.21. It can be observed as is generally expected that the graphs in Figure 
9.21. follow the same trend as those for compressive strength, fc (see Figure 9.14.), with the highest 
values corresponding to the 8,000 psi concrete followed by the 10,000 psi for the parapet wall and the 
10,000 psi for the bulkhead roof. The average ratios of compressive strength versus flexural strength, fc 
/ ff, are: 8.5 for 8,000 psi; 7.9 for 10,000 psi parapet wall; and 7.5 for 10,000 psi bulkhead roof. 
The split tensile test is an indirect method for evaluating the tensile strength in concrete. This is a 
convenient test by using the same cylindrical specimen as for compressive strength, but with an applied 
line load along the length of the cylinder (see Figure 9.22.).  The concentrated load induces tensile 
stresses in the plane containing the applied load but also relatively high compressive stresses in the area 
around the applied line load. Split tensile strength is generally used in the design of structural lightweight 
concrete members to evaluate the shear resistance provided by concrete and to determine the 
development length of reinforcement. In this study, the test specimens were cylinders 4” x 8” and they 
were tested at the ages of 14, 28 and 56 days as per ASTM C494. The results for Split Tensile Strength 
(fs) are shown in Figure 9.23. In this case also, the graphs in Figure 9.23. follow the same trend as those 
for compressive strength, fc (see Figure 9.14.), with the highest values corresponding to the 8,000 psi 
concrete followed by the 10,000 psi for the parapet wall and the 10,000 psi for the bulkhead roof. The 
average ratios of compressive strength versus split tensile strength, fc / fs, are: 12.8 for 8,000 psi; 12.2 for 
10,000 psi parapet wall; and 10.6 for 10,000 psi bulkhead roof. These ratios are higher than those for the 
flexural test results, because the split tensile strength fs is lower than the flexural strength ff. 
Both the split tensile and flexural strength tests can be used to predict the initiation of concrete cracking, 
due to transverse internal stress exceeding the tensile strength of the material. Most studies show that 
flexural tensile strength is relatively higher than split tensile strength, as shown in this study in Figure 
9.21 and Figure 9.23. There are various factors for this discrepancy including specimen geometry, 
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loading, and state of internal stresses in the test samples. In this study, the average ratios of flexural 
strength versus split tensile strength, ff / fs, over 14 to 56 days are: 1.44 for 8,000 psi; 1.56 for 10,000 psi 
parapet wall; and 1.63 for 10,000 psi bulkhead roof. 
  

























FLEXURAL STRENGTH (PSI) 
5TH FLOOR 8,000 KSI PARAPET WALL 10,000 KSI BULK HEAD ROOF 10,000 KSI
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Figure 9.21. Flexural Strength of 8,000 psi and 10,000 psi Concretes with GP up to 56 Days 
 
Figure 9.22. Sample Testing of 8,000 psi Concrete with GP by Split Tensile Strength Method 
 
 























SPLIT TENSILE STRENGTH IN PSI




The data for free shrinkage can provide information on the development of drying shrinkage stresses 
over time, and in combination with other effects can serve to define internal stresses in concrete structures 
due to dimensional changes. The free shrinkage itself does not induce any stress, however if the 
deformation is restrained, the force and pressure provided by the restraint can cause stress. Under 
restraining conditions in concrete structures, as curing shrinkage effects develop, the induced tensile 
stresses can result in cracking and distress. However, this is a complex process as part of the interaction 
among drying shrinkage, modulus of elasticity, and creep relaxation. Concretes with substantial SCM 
content and low w/c ratio, such as the mixes used in this project, are generally susceptible to early 
cracking, and therefore it is important to implement adequate measures to reduce early age shrinkage. 
The test specimens for Free Shrinkage consisted of bars of 4 x 4 x 11.25 in (100x100x285 mm). The 
specimens were conditioned in an environmental chamber at 50% relative humidity (RH) and 23 0C, and 
the dimensional changes were recorded with a digital gage (Figure 9.24.) for up to 90 days following 
ASTM C157. For each of the 8,000 psi 5th floor; 10,000 psi parapet wall on the 8th floor, and 10,000 psi 
bulkhead roof concretes, three bar specimens were cured under 50% relative humidity (RH). The results 
are shown in Figure 9.25. The ASTM standards allow for shrinkage samples to be conditioned at either 
100% or 50% RH. The curing conditions affect the shrinkage behavior of concrete, and the 50% RH 
selected in this study is probably more representative of the field curing conditions. The shrinkage of all 
three concretes at 90 days was between 460x10−6 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖�  (0.046 %) and 600x10
−6 𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖�   (0.06%), which 
is within the typical range for concretes with slag and fly-ash. Based on other data for GP concrete 














Figure 9.25. Free Shrinkage of 8,000 psi and 10,000 psi Concretes with GP up to 90 Days 
 
9.4. Concluding remarks 
Sidewalk, Jamaica Queens, NY 
 
The present work provides an example of glass pozzolan application for a public works sidewalk project 
in Queens, NY, following specifications by the NYC Department of Design and Construction, and 
involving commercial entities for materials, project management, construction, and evaluation. The 
research involved laboratory characterizations of six mix designs, including cement, fly ash and slag, to 
select and implement two Glass pozzolan concretes in the field. 
5. The design and production of concrete mixes with Glass pozzolan can follow standard procedures 

























DRYING SHRINKAGE AT 50% RELATIVE HUMIDITY
8,000 PSI - SLAB AT THE 5TH FLOOR 50% RH
10,000 PSI - PARAPET WALL 50 % RH
10,000 PSI - BULKHEAD ROOF 50% RH
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6. The selected two glass mixes, G20 and G40, by the NYC-DDC were successfully applied in a 
sidewalk project in Queens, NY. The mixes were produced at a concrete plant, and then 
transported, poured, and finished using conventional practices. 
7. The strengths of field glass concretes for up to 90 days were similar to those of the prototype lab 
mixes, but lower by about 13%. 
8. The temperature-time data of field concrete was obtained using maturity loggers, to develop 
prediction Maturity Curves for up to 90 days. In relation to lab conditioned samples, the data from 




1. The production of concrete with GP at a commercial plant is similar as for other concretes, 
following conventional production protocols and standard. For the first two pours when the 
concrete plant did not have a silo with GP in place, the production was more challenging, because 
it required more labor work to add the GP to the dry mix, but for the third pour, when the silo 
was in place, the feasibility of a concrete production was achieved. This batching differences did 
not affect the quality of field concretes. Talking to the workers, the pump-ability, placing and 
finishing of the concrete with GP was the same as with slag.  
2. The target strengths of the concretes with GP were achieved at the age of 28 days even though 
the mixes had lower CMC, (650-850 lb/yd3 and lower SCM replacement (35%) than mixes with 
slag, CMC (750-950 lb/yd3) and SCM replacement (40-50%). It can be concluded that results for 
GP are consistent and they are in the same range as results for slag. The average value for two 
mixes with slag tested, is close to the average value for concretes with GP. Concretes with target 
strengths of 8,000 psi for both slag and GP reached higher strengths than their corresponding 
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mixes for 10,000 psi strengths. Since mixes with GP and slag do not have same CMC and SCM 
replacement, It is difficult to explain such unexpected results, however it can be concluded that 
the optimization of prototype mixes needs to be watched close with more caution. 
3. Maturity method showed very useful in this project. Using the maturity sensors to predict the 
compressive strengths up to 90 days, showed the results very similar to the results obtained in the 
lab. There was no need to take the core samples from the field and the early strengths could be 
predicted with the high accuracy, so the formwork could be removed faster and enhance the 
construction process at the building site. With the same mix designs being developed for this 
project, using the maturity sensors to predict the strength, would give better results in the future. 
4. Split tensile strength and flexural strength tests are indirect methods to obtain the tensile strength 
of concrete. Tensile strength values depend on compressive strength. Tensile strength of concrete 
is about 10 times lower than compressive strength. Tension zone is the weak point where concrete 
starts to crack and then the cracks propagate further. The results show the same trend as the results 
for compressive strength and they could be very useful for the slabs. 
5. Shrinkage method was performed at the conditions more realistic as in the field. Samples were 
cured for 1 day at the 100% RH and then moved to the environmental chamber with 23 0C and 
50% RH. Results were compared with previous results for the sidewalk study where six mixes 
were tested (three mixes with GP, one with slag, one with fly-ash and one with cement only) and 
they show a good correlation.  
Closing Remarks 
These projects represent the integrated and collaborative work of all participants for the successful 
implementation of recycled Glass-SCM for concrete in sidewalks and high-rise buildings. The favorable 
results showed the potential applications of high-performance Glass-SCM concretes with a range of 
strengths of about 6000 to 10000 psi using conventional construction methods. The Glass-SCM concrete 
223 
 
can be produced at industrial scale without changes to existing operations, and the same processes as 
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This chapter provides a summary of the entire research. The concluding remarks are divided into 
macrostructure, microstructure and field application. The contributions of this research are highlighted 
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The goal of this research was to investigate the effectiveness of GP as a partial cement replacement in 
concrete of up to 40 %, and develop suitable (sustainable, economical, strong, and durable) concrete 
mixtures for applications in practice, by comparing results to those for reference mixes with same 
percentages of cement replacement with FA and S (two most widely used SCMs), for subsequently 
developing guidelines for industrial applications in construction and contributing to the approval of 
ASTM standards. The scope of work included extensive studies of concrete and paste materials with GP 
at multilevel scale including macro- and micro-level (from concrete to gel of cementitious paste) 
evaluations, and field implementations leading to guidelines and ASTM standards for applications in 
practice. The conclusions are presented in three sections: macrostructure evaluations, microstructure 
evaluations, and field applications. 
10.1.1. Macrostructure evaluation of concrete 
 
Six concrete mixture designs were developed in this research: CM (100% cement as a reference); G-20, 
G-30, G-40 (20%, 30% and 40% cement replacement with glass pozzolan GP); FA-30 (30% cement 
replacement with fly ash - FA), and S-40 (40% cement replacement with ground granulated blast-furnace 
slag - S). The water to cementitious content (w/c) ratio was 0.4 for all mixtures. Macro-level properties 
of concrete (fresh and hardened concrete properties) were evaluated in order to determine their suitability 
for field applications by the concrete industry, and recommending maximum allowed percentage 
replacement of cement with GP. Fresh properties and mechanical and durability performance were 
mainly dependent on the GP content.  
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• Evaluation of fresh concrete properties:  
 Adding more GP, it made concrete slightly less flow-able and workable. That is due to 
the fineness of the glass particles (d50=10 µm), and angular shape. Workability of concrete 
with GP is related to geometry, and specific surface area of the GP particles, consequently, 
the workability decreases for GP rich pastes and S-40. In cement based materials, besides 
the water content, particle shape plays a significant role on workability. Unlike concrete 
with GP and S (which are angular particles and have high frictional forces), concrete with 
FA was the most workable due to its spherical particle shape and glassy surface, and 
packing density that enables sliding of the particles.  
 Both initial and final setting time slightly decreased with an increase of GP content per 
weight, however the difference for 20%, and 40% cement replacement with GP is not 
significant (for initial setting they were 11 minutes apart while for final setting they were 
8 minutes apart). The presence of amorphous (more soluble) silica in GP and S affects the 
reaction kinetics, and consequently, the apparent viscosity of the fresh pastes with higher 
GP content and S was observed to be higher than that of  FA, leading to shorter setting 
time of GP and S pastes. The time span between initial and final setting for 100 % cement 
paste was ~90 minutes, while for all other cement pastes with SCMs was significantly 
reduced to ~60 minutes (~ 33% reduction). However the time difference between initial 
and final setting for all concretes with GP remained about constant (~60 minutes), while 
for S-40 was slightly higher (65 minutes), and for FA-30 slightly lower (~50 minutes). 
This information is important for the construction industry, to ensure enough time for field 
workability of concrete with GP, including pumping, pouring, finishing, and curing 
operations. 
• Evaluation of hardened properties (mechanical and durability) of concretes: 
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 Due to their strong cementitious behavior, the CM and S40 mixes reached higher early 
compressive strengths.  The G30 and FA30 mixes developed comparable strengths for up 
to 90 days. Among the three mixes with GP, the mix with lesser glass content, G20, 
reached higher early strength up to 28 days, but due to higher pozzolanic reactivity both 
G30 and G40 showed higher strengths at 56 days, and all three reached comparable values 
at 90 days. Results for splitting tensile strength, flexural strength and modulus of elasticity 
follow the same trends as results for compressive strength. As for other studies in the 
literature, flexural strength was about 1.5 times higher than splitting tensile strength. The 
static modulus of elasticity of the six mixes showed a similar trend as their corresponding 
compressive strengths. The samples were simultaneously tested for dynamic modulus and 
freeze-thaw resistance at intervals of 36 cycles, and the decrease in dynamic modulus after 
1000 freeze-thaw cycles (~180 days) for all concretes was about 10%. The dynamic 
modulus was about 1.25 higher than the static compressive modulus. 
 The freeze-thaw test results indicated: a durability factor above 90%, and a mass loss of 
less than 1% for all concretes with SCMs, except for CM (1.6%). The results indicated 
improved freeze-thaw resistance for higher cement replacement with GP due to its 
pozzolanic activity, and perhaps consuming more CH for C-S-H formation. 
 When cement is replaced with GP between 20% and 40%, concrete is produced with very 
low chloride permeability, below 500 Coulombs, which indicates excellent response for 
resisting diffusivity (permeability) of chloride ions. The value for FA-30 was 500 
Coulombs, and higher for CM and S. The drying shrinkage of concrete for all mixtures 
was low due in part to exposure to 100% RH conditions. Concretes with GP showed 
slightly lower shrinkage than their references. 
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 The percent of cement replacement with GP will depend on actors such as economics, 
sustainability requirement, target properties of concrete. If the requirement is to achieve 
a level of structural performance (strength, stiffness), the replacement should be as low as 
20%. On the other hand, if the emphasis is on durability properties, then the suggestion is 
to use 40% to 50% of cement replacement with GP.  
 
10.1.2. Microstructure characterization 
 
Microstructure evaluations are necessary in order to understand the interaction between GP and cement, 
and explain the mechanical and durability properties. For instance, the air-void parameters and pore 
structure are relevant factors for explaining freeze-thaw resistance and transport properties. The 
conclusions are summarized based on physical and chemical characterization of GP (as raw material, and 
incorporated in cement pastes and concretes), pore structure plus air void parameters, and hydration and 
micro-mechanical properties. 
• Characterization of microstructure properties of raw materials, cement pastes and 
concretes (including chemical composition and physical properties): 
  Based on particle size distribution (PSD) method, among all 4 raw materials, GP had the 
smallest median particle size (d50 =10 μm). The size of particles and specific surface area are 
the very important for mineral admixtures. As reported earlier, smaller particle size and 
greater specific surface area show the capability of mineral admixtures to react more 
effectively with Ca(OH)2 in the cement paste and create more calcium silicate hydrate (C-S-
H). Based on X-ray fluorescence (XRF) metod, it was established that GP contained more 
than 70% of silica dioxide (SiO2). Silica could be amorphous or crystalline (not safe to use), 
however based on X-ray diffraction (XRD) method, it was shown that GP consists of mainly 
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amorphous silica. The SCMs used in this study have smaller specific gravity (SG) than C, and 
GP has the smallest SG of 2.46. Therefore, more volume is expected when any of these 
mineral admixtures are added to concrete mix as cement replacement by mass. The shape of 
GP particles is angular like for S, and more angular shape results in larger specific surface 
area that may also affect the hydration, setting and hardening, strength, heat of hydration, and 
workability. 
• Investigation of pore structure (pore size distribution, pore connectivity, and porosity) and 
air-void parameters, and correlations with freeze-thaw resistance and chloride 
permeability: 
 Based on MIP and N2, higher replacement of cement with GP results in slightly higher 
total porosity, but more refined pore structure. Effective porosity (the indicator of 
connected pores that are responsible for transport properties) for all cement pastes with 
SCMs, except for CM, was higher at 7 days. Pastes with GP had slightly higher effective 
porosity (with increasing GP content) than their references. The amount of connected 
pores decreased significantly between 7 days and 30 days, and again between 53 and 100 
days, but without significant change over this range of 30 to 53 days. Pastes with GP 
showed comparable values as FA-30, but S-40 had significantly the lowest effective 
porosity at all times. Chloride permeability values for concretes with GP would indicate 
lower effective porosity than for S-40, but that was not the case. However the pore entry 
diameter decreases and increases the volume of gel porosity. By increasing the GP 
content, the pore size becomes more refined and gel pores and pore size distribution 
increase. This indicates lower permeability which suggests slower diffusion of chloride 
ions in blended pastes. It should be noted that porosity, pore size, and pore size 
distribution and connectivity are not the only factors that affect the transport properties 
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(for instance chloride permeability). Besides the w/c ratio and size of aggregates, 
tortuosity and binding capacity of chlorides should be accounted for in future studies. 
 Air-void analysis by X-ray micro tomography coupled with ImageJ can be successfully 
used to evaluate the microstructure of materials. It is a nondestructive method that can 
provide information in 3-D, and it is especially useful for air void analysis. This method 
requires minimum sample preparation, unlike standard method ASTM C457, however it 
has a limitation on a sample size. Using GP as SCM, serves as nucleation site for air 
bubbles due to its angularity and finer particle size than CM, hence GP has larger specific 
surface area. Spacing factor decreases and specific surface increases with higher cement 
replacement with GP, which are favorable for freeze-thaw (FT) resistance. Micro cracks 
after 1000 cycles were almost unnoticeable, and this indicates a good FT resistance which 
is in agreement with earlier FT cycling test results, or it could mean that there were very 
small cracks that vanished over time due to the self-healing ability of concrete. 
• Investigation of the influence of GP on hydration properties and micro mechanical 
properties in binary systems, and correlation of those properties with mechanical and 
durability properties of concrete: 
  Heat of hydration (heat flow and heat energy) is reduced by adding GP as reported in the 
literature. By increasing the percentage of GP, the heat of hydration is slightly decreased. 
Binary systems with GP (G-20, G-30 and G-40) are slightly slower than S-40, but 
definitely faster than FA-30, and they all match the results for setting time. Higher heat 
release of cement pastes, such as for CM and S-40, correlates with higher early 
compressive strength of concretes as shown earlier. 
 Calcium hydroxide (CH) was quantified by TGA. Even though binary systems had less 
cement content for producing CH, when G-30 was compared to FA-30 and G-40 to S-40, 
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results showed that portlandite (CH) was consumed more in the mixes with higher GP to 
further promote C-S-H formation. G-40 showed the least portlandite present at all times, 
indicating clearly the pozzolanic reactivity of GP. The graphs obtained with XRD method 
confirmed the TGA findings for CH consumption. Although the XRD method was 
qualitative, it clearly showed less CH in cement pastes with GP. It can be confirmed that 
GP at early age acts as an inert filler, while after 28 days it starts to act as a pozzolanic 
material by consuming more CH. 
 Micro mechanical properties of the paste are equally important as macro mechanical 
properties of concrete. Micro mechanical properties of cement pastes with GP are similar 
to those with FA and S. Among all mixtures with GP, G-40 showed the highest average 
modulus and hardness and G-20 the lowest. 
10.1.3. Field applications 
 
This research has led to two major field applications in collaboration with state agencies (NYC DDC), 
The Durst Organization, and several industries and professional companies. The first project was a 
sidewalk construction (air-entrained concrete), and the second one was a high-rise residential building 
(high-strength and non-air entrained self-consolidating concrete). 
• Sidewalk, South Jamaica, Queens, NYC: This project provides an example of glass pozzolan 
application for public works as sidewalk construction in Queens, NY, following specifications 
by the NYC Department of Design and Construction (DDC), and involving commercial entities 
for materials, project management, construction, and evaluation. The research involved 
laboratory characterizations of six mix designs, including cement, fly ash and slag, to select and 
implement two GP concretes in the field. The major findings are: 
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 The design and production of concrete mixes with Glass pozzolan can follow standard 
procedures as for other conventional concretes. 
 The selected two glass mixes, G20 and G40, by the NYC-DDC were successfully applied 
in the sidewalk project in Queens, NY. The mixes were produced at a concrete plant, and 
then transported, poured, and finished using conventional practices. 
 The strengths of field glass concretes for up to 90 days were similar to those of the 
prototype lab mixes, but lower by ~13% as was expected, due to industrial scale 
production of concrete and less controlled environmental conditions. 
 The temperature-time data of field concrete was obtained using maturity loggers, to 
develop prediction Maturity Curves for up to 90 days. In relation to lab conditioned 
samples, the data from cylinders left in the field showed lower values, due to seasonal 
exposure to low ambient temperatures.  
• Halletts Point 1 (twenty three story residential building, Long Island City Queens, NYC): 
This was the first high-rise building construction with GP in the USA. The objective was to 
evaluate industry-level application of GP material, including large-scale production at the 
concrete plant, transport by concrete truck, pumping to higher floors, placing, finishing, and 
curing. Two high-strength self-consolidating concrete mixtures with 35% GP were produced for 
8000 and 10000 psi compressive strengths. Three building components were produced with GP 
concrete. For the first two pours when the concrete plant did not have a silo with GP in place, the 
production was more challenging because it required more labor work to manually add the GP to 
the dry mix, but for the third pour, when the silo was in place, the feasibility of a concrete 
production was achieved. This difference in producing the mixes did not affect the quality of 
concretes. According to the construction workers, the pump-ability, placing and finishing of the 
concrete with GP was about the same as for conventional concrete with Slag.  
234 
 
 Compressive strengths: The mix designs with Slag had higher total Cementitious 
Content (CMC) and higher percent replacement of cement as Supplementary 
Cementitious Material (SCM). In spite of these significant advantages for Slag-Concrete, 
the mixes with GP performed at about the same level as or better than the mixes with Slag. 
In general within 28 days, the Slag concrete achieved higher strengths than Glass concrete, 
due to its cementitious nature and higher CMC and SCM contents than Glass concrete. At 
later ages, GP showed continuous growth in strength due to its pozzolanic reactivity.  
 Maturity curves: The Maturity Index data for 8000 and 10000 psi Glass concretes were 
obtained from embedded sensors in cylinders, conditioned in the lab at 100% RH and 23 
0C. These data plotted against the compressive strengths reported by Delta Laboratories 
were used to define the Maturity Curves, which permited predicting the strength of 
concrete at any age using Maturity Index from embedded sensors in the field. In this study, 
the Maturity Indexes from sensors in the field showed in general the same trends as those 
from conditioned cylinders, but reflected well the effects of outdoor temperature and 
humidity conditions during concrete curing. The Maturity Curves developed in this 
project for the two mixes are useful to predict strengths for similar mixes in the future for 
up to 90 days. With this method, there is no need to take the core samples from the field 
and the early strengths could be predicted with good accuracy, so the formwork could be 
removed faster and enhance the construction process at the building site. 
 Flexural and Split Tensile Strengths: The tensile strength data are useful to evaluate the 
potential cracking of concrete. In this project, data from flexure and split tensile tests were 
obtained for up to 56 days. The flexural strength from bending tests of short beams is 
considered more representative of tensile strength than the split-tensile strength obtained 
from line-loading along the length of cylinder specimens, because of the complex state of 
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stresses induced through the failure plane of cylinders. In general, the tensile strengths 
corresponded proportionately to the compressive strengths. 
 Free shrinkage: In this study, the option to condition the specimens at 50% relative 
humidity (RH) was selected, as per ASTM C157. This 50% RH is more representative of 
field conditions, and therefore more useful to estimate the shrinkage of concrete. The 
shrinkage data for up to 90 days was obtained for all three mixes used in the project. 
Interestingly as observed in another study, the results showed that the higher the w/c ratio, 
the lower the shrinkage at all ages.  
•   Overall Significance and Contributions: This project showcased the first application of GP 
for high rise building construction in the USA. The leadership role of the Building Product 
Ecosystems LLC (BPE) was instrumental for the effective coordination of the collaborative work 
of all entities, leading to the successful implementation of this concept. The management of the 
joint work in this project can serve as a template for future initiatives for GP and other similar 
innovations. The protocols we followed involved several meetings and discussions to define the 
goals for the project, responsibilities and commitments of participants, scheduling of activities, 
and procedures. The major participants included, the building owner, engineer/architect, project 
manager, contractor, concrete supplier, GP supplier, concrete testing laboratory, and university 
research/technical expertise. In addition, BPE scheduled monthly meetings of the Glass in 
Concrete Working Group, to engage a wide range of participants to share the details on this 
project and seek their input. The completion of this prototype building project has conclusively 
demonstrated the industrial application of GP in construction, and has significantly contributed 
to: (1) the successful implementation of GP in concrete mixes for selected building components, 
by limiting the cement replacement to 35% for target strengths of 8000 and 10000 psi concretes; 
(2) the development and testing of mix designs to achieve the target strengths; (3) the 
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development of feasible processes at the concrete plant to include GP in the mix, either by placing 
the material manually into the dry mix or using a conventional dedicated silo; (4) the 
demonstrated application of conventional methods for pumping, placing, and finishing two mix 
designs of GP concrete for selected building components; (5) the instrumentation of selected 
building components to obtain, for each mix, maturity of concrete in the field to predict the 
corresponding strength from maturity curves obtained from laboratory data. The following 
technical conclusions are presented: 
 Mix production at concrete plants: This project has shown that the two feasible ways 
of producing GP concrete at the plant are: (1) to add the GP manually onto the conveyor 
belt containing all other dry constituents to be transported into the mixer, and adding the 
required water; (2) to use a dedicated silo for GP to produce concrete as for a conventional 
mix. 
 Trial mix designs and testing: As is generally the case for any project using high 
performance concrete, trial mix designs and testing is recommended for GP concrete to 
guide applications in practice. If possible, the strength evaluations and other parameters 
of interest should include values for up to 56 days. The pozzolanic nature of GP can result 
in continuous strength gains with time, particularly for cement replacement above 25%. 
 In-situ properties: The tests for fresh properties of the two mixes used in this project 
conformed to the mix design limits for spread (18”–22”), air content (2.3%–3.8%), and 
temperature (710F–950F). By visual observations, there were no concerns with the quality 




10.2. Contributions to science and engineering 
 
This research contributes to characterization of concretes with GP and development of proper mixture 
designs for various applications in practice. The macro-level studies include fresh properties and 
mechanical and durability performance evaluations of concretes with GP. The significant contribution is 
to microstructure evaluations of cementitious pastes (pore structure and air-void analysis, hydration 
properties and micro-mechanical properties) in order to better understand the performance of concrete 
with GP. 
This research contributes to both the glass recycling and concrete industries, and provides an opportunity 
for the establishment of a profitable industry for production of sustainable and value-added reconstituted 
GP material in NYC, with an estimated $1 Billion market potential. The other major contribution is to 
the development of national ASTM standard specifications for using GP as SCM, which was recently 
approved as ASTM C1866/C1866 M-20 “Standard Specification for Ground-Glass Pozzolan for Use in 
Concrete.” This specification applies to ground glass from sources that consist of container glass, plate 
glass, or E-glass, and therefore, the glass is redirected from the landfills to the materials recovery facilities 
(MRFs), and processed further to a fine SCM for concrete use.  Based on this research, the NYC DDC 
is developing standard specifications guidelines to incorporate GP in all future sidewalk and roadway 
construction in NYC. 
10.3.  Further research and recommendations 
 
To better understand the transport properties, it is necessary to study other aspects of microstructure, 
such as tortuosity, pH and binding capacity of chlorides from pore solution. Concrete with GP is still 
relatively a new topic that offers many opportunities for further research. One interest is to study the 
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carbonation mechanism and corrosion in concrete with GP. Carbonation is one of the main factors 
causing corrosion of the reinforcement in concrete. It is known that carbonation reduces the pH of the 
concrete pore solution to a level where passivation of reinforcing steel disappears. The presence of 
oxygen and water stimulates corrosion of the reinforcing steel. The corrosion products are more 
voluminous than the reinforcement, and they cause tensile stresses in the concrete cover followed by 
cracking and spalling in a relatively short period (< 10 years after corrosion initiation). Within 10 to 20 
years, reinforcement cross section loss may cause insufficient tensile capacity and may impact structural 
integrity and safety. Therefore, carbonation is one of the most prominent deterioration mechanisms in 
predicting the long-term behavior of concrete. Another possibility for further research is fracture 











































Mercury Intrusion Porosimetry MIP 
 
 
Table B.1 Total porosity for all pastes up to 100 days 
Total porosity (%) 
days CM G20 FA30 G30 S40 G40 
7 25.15 30.59 NA 31.32 28.34 33.12 
30 20.05 25.07 25.02 26.04 17.95 26.01 
53 19.48 23.46 24.99 23.15 14.47 24.82 
100 17.82 19.10 17.63 18.53 13.94 21.29 
 
Table B.2 Effective porosity for all pastes up to 100 days 
Effective porosity (%) 
days CM G20 FA30 G30 S40 G40 
7 10.72 13.85 NA 14.47 13.26 15.81 
30 8.75 10.70 10.90 11.32 6.28 11.04 
53 8.66 10.78 11.35 10.85 5.00 11.36 
100 6.13 6.3 7.33 6.61 4.13 7.37 
 
Table B.3 Ink-bottle porosity for all pastes up to 100 days 
Ink-bottle porosity (%) 
days CM G20 FA30 G30 S40 G40 
7 14.43 16.74 NA 16.85 15.08 17.31 
30 11.30 14.37 14.12 14.72 11.67 14.97 
53 10.82 12.68 13.64 12.30 9.47 13.46 








Table B.4 Bulk density for all pastes up to 100 days 
 Bulk density 
days CM G20 FA30 G30 S40 G40 
7 1.65 1.54 1.51 1.53 1.58 1.49 
30 1.71 1.59 1.59 1.57 1.67 1.55 
53 1.76 1.66 1.70 1.66 1.72 1.62 
100 1.79 1.66 1.74 1.64 1.73 1.55 
 
Table B.5 Pore-connectivity for all pastes up to 100 days 
Pore connectivity (%) 
days CM G20 FA30 G30 S40 G40 
7 42.6 45.3 NA 46.2 46.8 47.7 
30 43.6 42.7 43.6 43.5 35.0 42.4 
53 44.5 46.0 45.4 46.9 34.6 45.8 
100 34.4 33.0 41.6 35.7 29.6 34.6 
 
  Table B.6 Tortuosity factor for all pastes up to 100 days 
Tortuosity factor 
Days CM G-20 FA-30 G-30 S-40 G-40 
7 d 2.117 2.083 NA 2.078 2.097 2.066 
30 d 2.143 2.113 2.114 2.107 2.150 2.106 
53 d 2.148 2.126 2.121 2.127 2.162 2.116 







Table B.7 Tortuosity for all pastes up to 100 days 
Tortuosity  
Days CM G-20 FA-30 G-30 S-40 G-40 
7 d   65.0071 - NA   62.0884 9.4229 41.5835 
30 d 59.7403 15.0095 -   53.0435   17.1417 12.5756 
53 d    10.0837 302.4060 52.0034 -   48.5389 54.8252 
100 d   39.8525   778.0740   17.6524     49.1284   54.0052 777.1515 
 
Thermogravimetric Analysis (TGA) 
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Figure B 2. TGA and DTG of all cement pastes at 30 days 
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